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Nanostructured Ni-Gd doped Ceria Anode by Co-
Sputtering for a Direct Methane Solid Oxide Fuel 
Cells operated under 500 ℃ 
 
 
Solid oxide fuel cells (SOFCs) are promising energy conversion device 
converting chemical energy to electric energy with excellent fuel flexibility, high 
efficiency, and low pollutant. For the commercialization of SOFC, several 
breakthroughs should be achieved in structure and fuel sections. For example, in 
terms of structure, electrolyte thickness should be thin enough to reduce the 
operating temperature down to below 600℃. In these operating temperature region, 
SOFC technology issues such as high degradation rate, the use of expensive 
materials, and slow start-up time can be resolved. In addition, in terms of fuel, direct 
use of hydrocarbon fuel (methane, butane, propane, etc.) to low-temperature SOFCs 
could eliminate the problem of hydrogen storage and large system size due to 
external reformer. However, thin-film deposition techniques for fabricating 
electrolyte is highly dependent on deposition conditions and surface structure of the 
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substrate. Detailed studies on the correlation between sputtering structure and 
deposition parameters are essential for commercially applying thin-film deposition 
techniques for fabricating electrolyte and electrode. In addition, at low operating 
temperatures, direct electrochemical oxidation and reforming of hydrocarbon fuel 
are extremely sluggish. Therefore, a highly active thermal catalyst structure at low 
operating temperatures should be designed and studied. 
 
Due to the nano-sized grain structure of the thin-film layer deposited by 
sputtering, other than reducing the thickness of electrolyte, sputtering for thin-film 
fabrication could be utilized for designing highly active electrode. Furthermore, 
since the requirement for a highly active thermally catalytic reforming layer is 
providing high density of triple-phase boundary (TPB), co-sputtering for fabricating 
reforming layer could satisfy the requirement for low-temperature direct 
hydrocarbon SOFCs. In this study, co-sputtering technique was applied to fabricate 
high-performance nanostructured Ni-GDC anode and Ru-GDC reforming layer for 
the development of direct methane SOFCs operated under 500℃.  
 
Anodic aluminum oxide (AAO) has been used as a substrate for thin-film SOFC 
(TF-SOFC) fabricated by sputtering due to a uniform nano-hole array, high thermo-
vi 
 
mechanical stability, and scalability. Due to electrically non-conductive 
characteristics of AAO, electrochemical performance is greatly affected by anode 
nanostructure on AAO. Typical current collecting resistance in anode supported 
SOFC is negligible to the ohmic resistance of SOFC. In AAO supported TF-SOFC, 
however, the electron pathway is in-plane direction of nanostructured anode, which 
results in substantial loss in electron current collecting. Therefore, understanding the 
nanostructure effect on electrochemical performance is necessary to design high-
performance Ni-GDC anode structure on AAO. Various deposition parameters such 
as deposition chamber pressure, target to substrate distance (TSD), and substrate 
rotation speed were studied for anode thickness, porosity, and column structure. 
Experimental results showed that these physical properties of the anode 
nanostructure are critical factors for determining the electrochemical performance of 
TF-SOFC.  
 
Thermally catalytic reforming layer fabricated by co-sputtering on AAO 
depends on composition and porosity. It is noteworthy that the composition of Ru-
GDC fabricated by co-sputtering is correlated with the porosity of the nanostructure. 
It is possible that large difference in deposition rate of Ru and GDC (over 90%) could 
be attributed to porosity change with composition change. However, a detailed 
vii 
 
mechanism is not in this thesis boundary. Nevertheless, Ru 3 volumetric percent 
showed successful reforming performance at 500℃. The structure analysis indicated 
that the nano-sized grain structure of Ru-GDC enables the direct methane operation 
with extremely low contents of Ru. 
 
The integration of high-performance Ni-GDC anode and Ru-GDC 
nanostructured reforming layer (NRL) could produce substantial power density at 
500℃ with nearly dry methane (3% H2O). Furthermore, operation time is extended 
to over 12 hours, which is longer than any other experimental data reported in the 
literature. Although the cell showed 4.9% per hour degradation rate, the platinum (Pt) 
based cathode is largely attributed to the degradation. Post analysis showed that 
carbon coking on Ni-GDC anode is negligible, which indicates that the carbon 
coking is not the main contribution to degradation. 
 
Keyword: low-temperature solid oxide fuel cell, direct methane, co-sputtering, 
nickel-gadolinium doped ceria (Ni-GDC), ruthenium-gadolinium doped ceria (Ru-
GDC) 
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Chapter 1. Introduction 
1.1. Fuel Cell Fundamentals 
 
A fuel cell is an energy conversion device capable of converting chemical 
species energy to electric energy with high efficiency [1]. The principle of fuel cell 
operation is similar to battery system. Reactant chemical species are 
electrochemically oxidized and reduced at anode and cathode, respectively. 
Electrons produced by electrochemical reaction at electrodes is released to external 
circuit, and active charge carrier is conducted through electrolyte. The difference 
between the battery and fuel cell systems is the fuel source. Unlike battery, fuel for 
the fuel cell is supplied from the external source. Therefore, a fuel cell does not need 
recharging. With well-designed fuel storage, fuel cells can operate much longer than 
battery systems at the same weight condition [2,3]. 
 
There are various types of fuel cell depending on the chemical properties of the 
electrolyte. Polymer exchange membrane fuel cell (PEMFC) uses electrolyte 
fabricated by polymer materials conducting proton through the electrolyte. Solid 
oxide fuel cells (SOFCs) use solid oxide electrolyte for oxygen ion-conducting. 
Among many fuel cell type, PEMFC and SOFC are the most advanced fuel cell types 
close to the commercialization[4,5]. However, there are still critical issues for 
ensuring economic feasibility. 
 
The fuel cell consists of three mechanical parts: anode, electrolyte, and cathode. 
Anode and cathode are porous structures so that gaseous fuel passes through the 
structure. To be electrochemically active, electron conductive solid phase, ionic 
conducting solid phase, and gas species should be contacted at one boundary, which 
is called triple-phase boundary (TPB)[6–8]. The electrochemical reactions such as 
 
 2 
oxygen reduction or hydrogen oxidation reactions occur in the presence of TPB. 
Designing the electrode with high density of TPB is important to reduce overall 
activation loss in fuel cells. On the other hand, the electrolyte structure should be 
dense enough to block electron. Depending on the electrolyte material and structure, 




Figure1.1 Demonstration of solid oxide fuel cells working principle. 
 
 
In the thermodynamic perspective, the maximum energy potential that can be 
exploited from the electrochemical reactions is theoretically expected by calculating 
a change in Gibbs free energy of chemical species. The change in the Gibbs free 
energy change is directly related to electrical work (E).  
∆𝑔𝑔�𝑓𝑓 =  −𝑛𝑛 ∙ 𝐹𝐹 ∙ 𝐸𝐸 
n represents the number of electrons involved in the reaction. F is Faraday’s constant. 
The reversible voltage under standard conditions can be denoted as Eo. 
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However, fuel cells operated under non-standard conditions. Nernst equation 
accounts for concentration effect on reversible voltage and written by: 







T is temperature. R is gas constant. a is the activity of the gas (for ideal gas, ai=pi/po, 
pi is the partial pressure, po is the standard pressure). 
 
As fuel cells operate, the ideal voltage can not be sustained due to the various 





Figure1.2 Schematic of fuel cell i-V curve and three major losses that affect ideal 




The actual voltage of the fuel cell is affected by three major losses: activation loss 
(ηact), ohmic loss(ηohm), and mass transport loss (ηmass). The real voltage is written 
by:  
V = E −  𝜂𝜂𝑟𝑟𝑝𝑝𝑝𝑝 − 𝜂𝜂𝑜𝑜ℎ𝑚𝑚 − 𝜂𝜂𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝 
 
Activation loss is caused by an activation energy barrier from the charge transfer of 
the electrochemical reaction. Typically, activation loss is dominating at low current 
region, which is in low over-potential region. The reason for this is because of the 
activation barrier in reaction kinetics affected by the magnitude of the over-potential. 
Butler-Volmer equation explains how voltage loss is related to the current produced 
by the electrochemical reaction in fuel cell and written as: 










𝑅𝑅𝑅𝑅  ) 
j is the current density of fuel cells. 𝐶𝐶𝑅𝑅∗  and 𝐶𝐶𝑃𝑃∗ represent actual concentration at 
the electrode. 𝑗𝑗𝑜𝑜𝑜𝑜 is an exchange current density at standard condition (reference 
concentration : 𝐶𝐶𝑅𝑅𝑜𝑜 𝑎𝑎𝑛𝑛𝑎𝑎 𝐶𝐶𝑃𝑃𝑜𝑜). α is called a transfer coefficient. η represents over-
potential in fuel cell operation.  
 
Ohmic loss is originated from charge transport through the electronic path and 
ionic path. In most cases, electron conduction resistance is negligible compared to 
ionic conduction. The charge transport resistance follows ohmic’s law and can be 
written as:  
V = i �
L
Aσ
� = 𝑖𝑖𝑅𝑅 
L represents the thickness of the electrolyte, length of the ionic conduction path. And 
A means the area for ionic conduction. σ is the ionic conductivity of the electrolyte. 
 
Last, mass transport loss is caused by depletion of reactant at reaction sites. 
As the reaction rate increases consuming rate of the reactants at the electrode should 
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increase. When reactant gas diffusion rate is lower than reaction rate, the current can 
not be further increased. The relationship between limiting current density (jL) and 





Deff is the effective diffusivity of the reactant gas in the electrode layer. δ is the 
diffusion layer thickness. This concentration phenomenon affects the Nernst voltage 








Typically, mass transport is considered as a critical factor for PEMFC system due to 
the need for water management. Channel design is one of the key aspects for 
achieving high performance of PEMFC. However, in SOFC system, due to high 




1.2. Solid Oxide Fuel Cells 
 
 
Oxygen ion conduction through the solid electrolyte is dominated by the hoping 
mechanism, which is sluggish at low-temperatures (under 600℃). For this reason, 
operating temperature of conventional SOFCs is in the range between 800 and 
1000℃. The unduly high operating temperature (800-1000℃) of conventional 
SOFCs induces several critical issues such as limited material selection, severe 
degradation of the cell, and high cost of balance of plant (BOP)[9–11]. For resolving 
these issues, many research has been focusing on reducing the operating temperature 
of SOFCs. Major losses of SOFC can be categorized into three parts: activation loss, 
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ohmic loss, and mass transport loss. Since gas diffusivity at high temperature is 
sufficiently high, the mass transport loss is typically negligible for SOFCs[12]. 
Therefore, reducing the activation and ohmic losses is important to achieve high 
performance of SOFCs at low temperatures. 
 
 
1.3. Thin-film Solid Oxide Fuel Cells 
 
 
Thin-film SOFCs (TF-SOFCs) are now one category of SOFCs research field. 
TF-SOFCs has been drawn significant attention for a decade due to the superior 
performance enhancement at low operating temperatures [13–16]. As mentioned 
above, reducing the ohmic and activation resistances is the key factor for SOFCs to 
be operated at the low-temperature region (under 600℃). Thin-film electrolyte 
thickness ranging from a few nanometers to micrometer is known to be suitable for 
lowering ohmic resistance with short ionic conduction path. From the equation 
related to charge transport resistance, it is clear that electrolyte thickness is 
proportional to ohmic resistance. Other than reducing the thickness of the electrolyte, 
thin-film structure has superior characteristics in fabricating the high density of TPB. 
The thin-film structure typically constitutes of the nano-sized grain structure, which 
is much smaller than conventional SOFC structure fabricated by chemical sintering 










Figure 1.3. Comparative schematics of thin-film SOFC and conventional SOFC. 
 
 
As the grain size of the electrode reduces, the effective surface area of the electrode, 
which is potential TPB density for electrochemical reaction, increases. This 
phenomenon is confirmed from the experimental data reported in the literature. 
Figure 1.4 represents the working temperature of SOFCs as a function of electrolyte 
thickness. Black points indicating the reported experimental data of thin-film 
electrolyte (electrolyte deposited by thin-film deposition techniques: physical or 
chemical vapor deposition) are clearly located in the low operating temperature 
compared to the SOFCs with conventional electrolyte (electrolyte fabricated by 




Figure 1.4 Literature experimental data of the working temperature of SOFCs varied 
with electrolyte thickness. Red: electrolyte fabricated by a conventional process 
including high-temperature sintering. Black: electrolyte deposited by thin-film 
deposition techniques including physical or chemical vapor deposition. 
 
Figure 1.5 Literature experimental data of power density of SOFCs varied with 
temperature ranging from 350 to 800℃. Red points represent SOFCs with a thin-
film electrode fabricated by physical or chemical vapor deposition). Black points 
represent SOFCs with conventional electrode fabricated by a sintering process. 
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Figure 1.5 also confirms that SOFCs with thin-film electrode design clearly show 
high performance in low-temperature regions. Statistic information from the 
literature indicates that using a thin-film deposition technique for electrode 
fabrication is beneficial for achieving high performance at low temperatures. 
 
 
1.3.1 Thin-film Deposition Techniques 
 
 
Various kinds of thin-film deposition techniques have been used for the 
fabrication of SOFC components. Magnetron sputtering, pulsed laser deposition 
(PLD), and thermal evaporation, which are physical vapor deposition (PVD), have 
been demonstrated as deposition methods for nanostructure fabrication[16]. 
Chemical vapor deposition (CVD) and atomic layer deposition (ALD) are also 
extensively used for ultrathin electrolyte and nano-thin surface coating for a 
nanostructured electrode. Among those techniques, magnetron sputtering has shown 
superior properties for nanostructure fabrication due to easy control of porosity and 
nanoscale thickness control[61]. Furthermore, it is already proved that sputtering is 
commercially viable because of uniform deposition for large area and variety of 
material selection. The principle of the sputtering is simple. As the large electric 
potential difference is applied between the target and substrate, a plasma is created 
by ionizing the sputtering gas species around target materials. Simultaneously, 
positively charged ionized gas species is dragged into the target surface. The 
bombardment of the gas species takes off the target material at atomic scale. Ejected 
atoms from the target flow directly to the substrate. The nucleation and accumulation 
of the ejected atoms from the target materials result in formation of the nano-sized 





Figure 1.6 Schematic of the sputtering system. 
 
 
Sputtering has a number of features for controlling the nanostructure of the 
deposited film. The most dominant and controllable variables for sputtering are 
sputtering gas species, chamber pressure, target to substrate distance (TSD), 
sputtering incident angle, and substrate rotation speed. These variables are sensitive 
for determining the characteristics of the nanostructure such as porosity and column 
structure. Other than these variables, sputtering power, substrate temperature, and 
bias voltage can affect the crystallinity and the chemical composition of the 
deposited film[64]. 
 
Thin-film electrolyte fabricated by sputtering has been widely used to reduce 
the ohmic resistance of SOFC. Meanwhile, nanostructured anode fabricated by 
sputtering is also promising structure for high performance at low operating 
temperature due to the high density of triple-phase boundary (TPB) stemmed from 
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nano-sized grain structure of sputtering layer[65]. However, nanostructure fabricated 
by sputtering is highly dependent on deposition parameters and substrate structure 
conditions. To achieve high performance of TF-SOFC fabricated by sputtering, 
detailed studies on nanostructured sputtering anode affected by deposition 
parameters are essential. Therefore, various electrode materials such as nickel-
gadolinium doped ceria (Ni-GDC) should be studied with various deposition 
conditions of co-sputtering on the nanoporous substrate. 
 
 
1.3.2 Types of Thin-film Solid Oxide Fuel Cells 
 
 
Electrode and electrolyte deposited by the thin-film technique require support 
(substrate) to be mechanically sustained at nanoscale level. In addition, thin-film 
structure is highly dependent on surface structure of the support. Therefore, 
considering the type of substrate for thin-film deposition is the important step for 
fabricating TF-SOFCs. Type of TF-SOFCs can be categorized into 4: silicon-based 
freestanding structure, anodic aluminum oxide (AAO) supported structure, anode 
pellet supported structure, and porous metallic substrate. Si wafer is used as a support 
for thin-film structure with the lithography etching process. This structure is 
frequently called as free-standing TF-SOFC due to the characteristic of electrolyte 
structure. After electrolyte deposition on si wafer, the wafer is etched from the 
backside to the electrolyte by lithography. Consequently, the electrolyte is sustained 
by itself without any supporting mechanical structure. For this reason, this type of 




Figure 1.7 Schematic illustration of types of thin-film solid oxide fuel cells 
depending on substrates. 
 
Furthermore, the active area is limited by a few hundred micrometers due to the 
structure stability problem. Despite the recent progress in thermo-mechanical 
stability of si wafer SOFC, the scalability and stability of the cell still need to be 
much more enhanced[52,66,67].  
 
Anodic aluminum oxide (AAO) has been considered as promising support 
for thin-film fabrication due to high thermos-mechanical stability and scalability. 
Uniform nanohole array is formed throughout the substrate. This nano-hole has no 
tortuosity, which is advantageous for fuel delivery. However, pinhole formation in 
the electrolyte causes severe performance drop and unstable open circuit voltage 
issues. Although the pinhole issues are partially resolved by applying hybrid 




Figure 1.8 Literature data for the peak power density of TF-SOFC depending on 
types of support. 
 
 
electrolyte layer, still the peak power density of the cell needs to be enhanced[68,69]. 
Recently, there is an attempt to apply thin-film fabrication of the anode functional 
layer or electrolyte to anode pellet and metallic support. However, due to the large 
pore structure (larger than a few micrometers) and high roughness of the surface 
structure, physical vapor deposition (PVD) or chemical vapor deposition (CVD) is 
difficult to be applied to electrode or electrolyte fabrication. Only a few reports have 
succeeded in developing the process for thin-film deposition on anode pellet or 
metallic substrate[70,71]. For this reason, high power density of Si wafer and AAO 






1.4 Hydrocarbon Solid Oxide Fuel Cells 
 
 
    One of the advantages of SOFCs is remarkable fuel flexibility with various 
utilization methods such as direct electrochemical oxidation, internal steam 
reforming, and partial oxidation. Direct use of hydrocarbon fuel can benefit to 
system level. Since external reformer is unnecessary for direct hydrocarbon fuel 
SOFCs, the system size and complexity are substantially reduced[72–75]. There are 
various kinds of hydrocarbon fuel such as methane, butane, and propane. In case of 
use of methane for direct SOFCs, it can be a promising energy source since supplying 
and storage infrastructure for a major component of the natural gas (over 90% of 
natural gas is methane) is already existing[76]. It could eliminate the issues of 
hydrogen storage, which means a large progress in the commercialization of SOFCs 
to the market. However, significant efforts have to be dedicated to resolving the 
technical issues for using methane as a fuel for low-temperature SOFCs. 
 
   Among various utilization methods for methane, direct internal steam reforming 
is considered as a promising method for use of methane as a fuel with minimum fuel 
dilution. Since direct electrochemical oxidation of methane is extremely sluggish at 
low-temperature, catalytic reforming of methane to carbon monoxide and hydrogen 
is necessary for generating electric potential[77–79]. Various reactions can happen 
in steam reforming reactions, and the possible reactions are written below: 
 
Steam Reforming: C𝐻𝐻4 + 𝐻𝐻2𝑂𝑂 → CO + 3𝐻𝐻2     ∆𝐻𝐻 = +206 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑙𝑙−1 




In terms of kinetic, hydrogen and carbon monoxide oxidation reaction is much faster 
than direct oxidation of methane. Therefore, the electrochemical performance of the 
cell with reformed gas fuel could be higher than that without the reforming process.  
 
The key point of structure design for direct methane SOFCs is that thermally 
catalytic reforming structure should be located with SOFCs anode structure[80]. 
When methane fuel is supplied to the anode of SOFCs, without the need of an 
external reformer, the fuel should be pass through the reforming structure before 
reaching to TPB at anode side. As mentioned above, without the reforming process, 
electrochemical performance of low-temperature SOFCs for direct use of methane 
is significantly reduced. Furthermore, to design direct methane SOFCs structure with 
high efficiency at low-temperature, steam to carbon ratio (S/C ratio) should be low 
enough to exclude water management system and minimize fuel dilution. However, 
a technical breakthrough for nanostructure fabrication is essential for satisfying these 
structural and operational conditions. 
 
    Thermally catalytic steam reforming process of methane is not energetically 
favored at low operating temperatures (under 500℃). Furthermore, at low S/C ratio 
operating conditions, thermodynamic calculation shows that carbon coking likely 
happens at the anode side[81]. It has been reported in the literature about the cell 
failure due to the massive carbon coking in the anode. To resolve the carbon coking 
issue and low activity for steam reforming reaction at low-temperature, the activity 
of the reforming structure should be dramatically enhanced by designing 
nanostructure with a high density of reaction area. Metallic nanoparticle should well 
disperse in the ceria oxide support for formation of high catalytic activity. Uniform 
dispersion with the nano-sized grain structure could be fabricated by the co-
sputtering system because of the deposition characteristic of the sputtering principle. 
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Chapter 2. Background 
2.1 Literature Review of AAO supported SOFC  
 
 
    As mentioned in the previous chapter, the AAO substrate has shown a promising 
characteristic for fabricating thin-film SOFCs due to uniform nano-hole array and 
scalability. Previous research has focused on the issues related to pinhole formation 
in the electrolyte during the deposition process. The hybrid deposition method 
combining sputtering and ALD for electrolyte fabrication is suggested for alleviating 
the pinhole issue[69]. Development of ALD electrolyte enables open-circuit voltage 
of AAO-supported TF-SOFC is close to theoretical value at operating temperature 
even with extremely thin electrolyte layer. Sanghoon Ji et al. reported that 70nm 
thickness of plasma-enhanced ALD yttria-stabilized zirconia (YSZ) electrolyte 
shows 1.17V at 500℃[57]. Furthermore, Seongkook Oh et al. reported that 
electrolyte deposited by using the hybrid deposition method (ALD YSZ and 
sputtering samarium-doped ceria (SDC)) shows over 500mW/cm2, which is the 
highest performance of AAO-supported TF-SOFC at 450℃[82]. Although the 
significant progress in electrolyte fabrication process, most of the high performing 
AAO-supported TF-SOFCs still use platinum (Pt)-based anode and cathode. Despite 
the development of perovskite structure of the oxide cathode, which is considered as 
a promising candidate for low-temperature cathode materials, catalytic performance 
of Pt is superior to any other material for operation under 500℃[83]. However, in 
terms of anode materials, using Pt-based electrode for anode structure is unusual case 
even for the conventional SOFCs structure. Many research about SOFCs structure 
fabricated by sintering process (pelletizing, tape casting, screen printing, spray 
pyrolysis, etc.) uses Ni-based cermet materials for the anode fabrication because of 
comparable performance of the anode materials to Pt-based materials and feasibility 
for the commercialization. Nevertheless, the utilization of Ni-based anode structure 
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for AAO-based SOFCs has been rarely reported. The main reason for that is because 
of the lack of understanding co-sputtering of Ni-based anode on nanoporous 
substrate. Not only control of co-sputtered nanostructure but also the thermal effect 
on nanostructure. In addition, since AAO is electrically non-conductive, current 
collecting path is through the nanoscale thickness of the anode, which causes unduly 
high resistance contributed to the ohmic resistance of the full cell. Current collection 
through in-plane direction of the nanoporous electrode could also cause formation 
of the dead zone, which is defined as TPB without current connection. We believe 
that the lack of understanding in this unique structure effect on the cell performance 
is the major reason for the low power density of Ni-based AAO supported SOFCs at 
low-temperature considering the nanoscale electrolyte thickness.  
 
   To emphasize the strengths of the SOFCs, utilization of hydrocarbon fuel is 
necessary. Pt is extremely vulnerable to carbon contamination. Without the 
optimized Ni-based or other material-based anode structure, hydrocarbon fuel can 
not be used for SOFCs. Although nano-sized grain structure is advantageous for 
reforming or electrochemical oxidation processes, study on the use of hydrocarbon 
on AAO supported SOFCs at a temperature under 500℃ has not been reported. 
 
 
2.2 Thesis Outlines 
 
 
     This thesis focuses on two main topics: one is understanding and development 
of high performing nanostructured Ni-gadolinium doped ceria (GDC) anode 
fabricated by co-sputtering process. Two is the characterization and development of 
highly active catalytic reforming nanostructure fabricated by co-sputtering on the 
AAO substrate. The research is presented in 4 chapters (from chapter 3 to 6). The 
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detailed contribution and summarization is described below: 
 
 Chapter 3 describes the effect of nanostructured Ni-GDC anode fabricated 
by co-sputtering on electrochemical performance. As mentioned in the 
previous chapter, the electrochemical performance of TF-SOFC on AAO 
substrate is greatly affected by the anode nanostructure. The nanostructure 
of Ni-GDC deposited by co-sputtering can be controlled by the various 
parameters of sputtering system. Among those parameters, the major 
parameters: chamber pressure, thickness of the anode (deposition time), 
incident angle, which are expected to have a profound effect for the 
nanostructure, are controlled and comparatively characterized. 
 
 Chapter 4 elaborates the thermal stability of Ni-GDC anode deposited by 
co-sputtering. The electrochemical performance of Ni-GDC anode is 
closely related to thermal stability of nanostructure because the operating 
temperature is around 500℃. It is widely known that Ni is vulnerable to 
thermal agglomeration due to the high surface energy and diffusion rate at 
high temperatures. Although the agglomeration tendency depending on Ni 
grain size and composition of Ni-GDC anode is previously studied, 
nanostructure change of AAO supported Ni-GDC anode varied with GDC 
has not been reported. In this chapter, the agglomeration effect on co-
sputtered Ni-GDC anode on AAO was characterized by high-resolution 
field emission microscope (FESEM) and extended time operation. 
 
 Chapter 5 describes the direct methane for co-sputtered Ni-GDC anode 
varied with GDC composition. Due to the nano-sized grain structure of co-
sputtered anode, the catalytic performance for direct oxidation of methane 
and reforming is higher than the conventional structure. The detailed 
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electrochemical properties of methane fueled AAO supported SOFCs is 
demonstrated in the chapter. 
 
 Chapter 6 demonstrates direct methane fueled TF-SOFCs with 
nanostructure Ru-GDC reforming layer. Since the direct electrochemical 
oxidation of methane is not energetically favored at low-temperature, the 
additional reforming structure is essential for achieving high performance. 
Designing the co-sputtering Ru-GDC reforming structure on AAO 
supporting system and electrochemical performance of the integrated TF-





















Chapter 3. Effect of Nanostructured Ni-based 





 Sputtering is known to be advantageous for commercialization due to the 
capability of uniform large area deposition. For industrial sputtering system, 
substrate size can be increased up to a few thousand square centimeters. Furthermore, 
co-sputtering is superior to other deposition methods for mixing two kinds of target 
materials in nanoscale[84]. Since thin-film deposited by sputtering system consists 
of the nano-sized grains, theoretical expectation of TPB density in co-sputtered 
electrode is significantly high. In fact, the performance enhancement with anode 
functional layer deposited by PLD, which is one kind of PVD method, has been 
reported in the literature from KIST[85]. However, most of the work on co-sputtering 
for Ni-based anode on the nanoporous substrate has shown low power density 
compared to the similar compositional structure of SOFCs at similar operating 
temperatures. The major reason for the low performance is possibly due to the unique 
electron conduction path for anode on AAO substrate. AAO is known to be 
electrically non-conductive structure. Therefore, the electron produced from 
electrochemical oxidation of the fuel at the anode side should pass through 
complicated nanoporous structure because the substrate is not conductive. Electron 
conduction resistance is typically not considered as a concern for ohmic loss or 
performance of the cell. As demonstrated in this chapter, however, the in-plane 
connectivity of the nanostructure fabricated by co-sputtering on AAO could be 





Figure 3.1 Schematic drawing of difference in electron conduction path of 
conventional anode supported fuel cell and AAO supported thin-film SOFCs.  
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In this chapter, sputtering parameters are controlled to change the electrochemical 
properties of the anode structure grown on AAO substrate. First, porosity control by 
deposition chamber pressure has been previously studied by Dr. Joonho Park. Joonho 
Park et al. reported that Ni anode deposited with 12 Pa Ar gas showed extensively 
high porosity compared to the deposition with 0.67 Pa[86]. To reduce variables and 
select the deposition condition for high density of TPB, deposition pressure for anode 
structure is fixed to be 8 Pa for all nanostructure fabricated in this chapter. Other 
 
 
Figure 3.2 Schematic of the growth mechanism of the electrode deposited by 




than deposition pressure, anode thickness is also greatly affecting the surface 
porosity of the anode deposited on AAO. Figure 3.2 shows schematic of the growing 
mechanism of co-sputtering anode on AAO. From the schematic, it can be speculated 
that the columnar structure of the sputtered layer is attributed to the decrease in 
surface porosity of the anode. Furthermore, not only the surface porosity is affected 
by the thickness of the anode, but also the in-plane connectivity is influenced by the 
width of the column structure. Confirmation of high TPB density of the anode 
deposited with 8 Pa is firstly processed. Secondly, the thickness effect of the Ni-
GDC anode is tested by changing the thickness from 300 to 1000nm. Finally, the 
nano-column structure of Ni anode is controlled by changing incident angle and 
rotation speed since these two parameters have large impact on the structure change. 
The result of the electrochemical and microscopic analysis shows insight for 







    For thin-film deposition of the electrodes and electrolyte, AAO substrate with 
80nm pore diameter size was used for the support (Inredox, USA). The thickness of 
the substrate is about 100um. The substrate dimension is 1cm by 1cm. For the 
deposition of Ni and GDC for the electrode, a commercial sputtering machine (A-
Tech System Ltd, South Korea) was used with Ni pure metal target (99.99%) and Gd 
20mol% doped ceria target (99.9%). Deposition power control was done by direct 
current (DC) source and radio frequency (RF) source. DC power is controlled from 
50W to 200W for Ni sputtering, and RF power is controlled from 0 to 100W for 
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GDC sputtering. In case of co-sputtering, the two guns were loaded to the sputtering 
chamber with the same incident angle for each target. Chamber pressure is 








Ar gas atmosphere was used, while Ar/O2 mixture atmosphere was used for the 
electrolyte deposition. A thin-film electrolyte is deposited by Y/Zr metal target 
(Y0.16Zr0.84, 99.9%). For reactive sputtering process, chamber atmosphere was 
controlled by Ar/O2 mixture gas with 20% O2. The power is fixed to 200W for YSZ 
electrolyte deposition. For cathode, Pt metal target (99.9%) and Gd 20mol% doped 
ceria target (99.9%) were used to deposit Pt-GDC cathode. The deposition power is 
set to be 100W for Pt and 50W for GDC target. The chamber pressure is also fixed 
to 12 Pa and applied to every cell fabricated in this thesis. 
 
    Thin-film electrolyte and cathode deposition was patterned by physical mask. 
Considering the substrate dimension, a stainless steel mask with 8mm by 8mm 
opening was used to deposit the electrolyte. Anode exposed to the air was covered 
with Ag paste for electrical connection between the anode and the jig. Cathode mask 




Figure 3.4 Schematic and actual image of a customized test station with TF-SOFCs 





    Thin-film nanostructure was characterized by field emission scanning electron 
microscope (FESEM) and focused ion beam (FIB) analysis. Magnification of 
FESEM was varied from 10 to 20000. In addition, the electrochemical performances 
of the cells were measured by Gamry (Reference 600, Gamry Instrument, USA). TF-
SOFCs was attached to the stainless steel jig with Ag paste for electrical connection 
between the jig and the anode on AAO. After drying process of Ag paste, ceramic 
sealant was applied on top of dried Ag paste for sealing. TF-SOFCs attached to the 
jig was dried at ambient air for 4 hours before the testing. The cell was tested in the 
customized test station consisted of halogen heater. The ramping rate of the 
temperature was set to be 8℃ per minute. The temperature of the test station was 
heated up to 100℃ and stayed there for 40min, and sequentially heated up to 500℃ 
for cell operation. After the temperature of the test station reached the operating 
temperature, the cathode was contacted with the customized probing tip controlled 
by X-Y-Z station.   
 
3.3 Results and Discussion 
3.3.1 Determination of Deposition Pressure for High Performing 




To verify the porosity effect on Ni-GDC anode deposited by co-sputtering, 
co-sputtered Ni-GDC was fabricated with 4 Pa and 8 Pa. The surface porosity and 
the cross-sectional image of the Ni-GDC with 4 Pa and 8 Pa were comparatively 
shown in figure 3.5. From the surface FESEM images, it is clear that co-sputtered 
Ni-GDC anode deposited with 8 Pa shows higher porosity. However, even though 
the grain structure and porosity of the surfaces are different from the nanostructure 
analysis depending on the chamber pressure, actual electrochemical performance 
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should be compared by electrochemical impedance spectroscopy (EIS) analysis. In 
terms of interpretation of EIS graph, the value at the intersection between the graph 
and the real X-axis at high-frequency region means the ohmic resistance[87]. In 
addition, it is widely known that the ohmic resistance caused by ion and electron 
transports is independent of measuring voltage of the cell while the polarization 
resistance is dependent on the voltage. The size of arc presented in the Nyquist plot 
is relevant to anode-electrolyte and cathode-electrolyte polarization. Regarding these 
knowledge, EIS results of Ni-GDC anode varied with deposition pressure indicate 





Figure 3.5 (a) Nanostructure change in surface and cross-sectional view varied with 
deposition pressure (4Pa, 8Pa). (b) Effect of porosity of Ni-GDC varied with 4 and 
8 Pa on electrochemical performance measured by EIS. 
 
 
compared to the one deposited with 4 Pa. Higher chamber pressure (12 Pa) was also 
suitable condition for fabricating nanostructured anode with high activity confirmed 
from the EIS graph in figure 3.5 (c). However, the enhancement in polarization 
resistance was negligible considering 0.8V of measuring voltage for EIS analysis. 
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Electrolyte and cathode deposition condition was the same for all samples. Therefore, 
it can be concluded that the difference in polarization resistance of the EIS results is 
attributed to the difference in anode nanostructure. From these results, we believe 
that 8 Pa of chamber pressure for highly active Ni-GDC nanostructure is enough to 
produce high power density at low-temperature. This chamber pressure was used for 
all other parameter experiments throughout this thesis.  
 
 
3.3.2 Thickness Effect of Co-sputtered Ni-GDC Anode 
 
 
       Due to the material characteristic of AAO, as previously mentioned, anode 
thickness of Ni-GDC on AAO should be prominent factor for determining the 
performance of TF-SOFCs. For an accurate comparison, except for thickness of the 
anode, composition, electrolyte thickness, and cathode structure were maintained at 
same condition. GDC contents in the anode were set to be 12.8%, which was 
controlled by the deposition power of the GDC target (50W). The thickness control 
of Ni-GDC anode was confirmed from the cross-sectional FIB-SEM images. The 
thickness was controlled by the deposition time. Current density (j) –voltage (V) -
power density (P) curves (polarization curves) were measured for different anode 
thickness samples. It is noteworthy that the peak power density was increased as the 




Figure 3.6 (a) Nanostructure surface FESEM and cross-sectional FIB-SEM images 
of the co-sputtered Ni-GDC anodes with 12.8% GDC content. The anode structure 
was varied with the thickness from 300 to 1000nm. (b) Current density (j)-voltage 





increased over 1000nm, the performance of TF-SOFCs steeply dropped over 50% 
from the peak power density of 800nm anode. Detailed contribution to performance 
difference was analyzed by EIS measurements. Figure 3.7 describes that the 
performance difference between 300, 500, and 800nm anode structure was attributed 
to both polarization and ohmic resistance. However, in the range of anode thickness 





Figure 3.7 EIS results of TF-SOFC with Ni-GDC anode thickness 300, 500, and 







substantially higher than that in polarization resistance (15% reduction). More 
importantly, anode thickness with 1000nm showed an abrupt increase in polarization 
resistance compared to 800nm sample, while the ohmic resistance of 1000nm sample 
was slightly decreased (about 7%). These results indicated that active TPB density 
of 1000nm sample was decreased significantly. From the nanostructure analysis, it 
can be speculated that polarization resistance of 1000nm sample was increased due 
to decrease in surface porosity. As the in-plane connectivity was improved with the 
thickness increase, density of active reaction sites was also increased, which was 
consistent with a decreasing tendency of ohmic and polarization resistances. The 
comparison result of bode plot was also consistent with the speculation. In the 
frequency range between 104 to 102 Hz, phase angle of 1000nm sample was clearly 
higher than that of 800nm sample, which represents surface exchange reaction rate 
was the major contribution for the difference in polarization resistance. From these 
results, 800nm thickness of co-sputtered Ni-GDC anode showed the best 






Figure 3.8 EIS and bode plots of Ni-GDC anode thickness varied with 800 and 







Figure 3.9 EIS equivalent circuit fitting results varied with anode thickness. 
 
 
Table 3.1 Area-specific resistance of ohmic and polarization for Ni-GDC anode 
varied with thickness. 
 
3.3.3 Nano-Column affected by Sputtering Angle & Rotation Speed 
 
      From the experimental results for anode thickness change, it can be 
speculated that in-plan connectivity of the nanoporous anode structure can be the 
most profound factor for determining the peak power density of TF-SOFCs. At this 
point, it is essential to consider how the electrical network is connected in side of the 
nanoporous anode structure on AAO substrate. In figure 3.10, surface structure of 
bare AAO, 250nm thickness of Ni anode, and 800nm thickness of Ni anode are 
shown. As the Ni is grown on the nanoporous substrate, the electrical connection 
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should be formed through the yellow line drawn in figure 3.10. At the early stage of 
the nanoporous thin-film formation, the film morphology follows the substrate 
surface shape. As the film has grown over 800nm thickness, the size of the pore is 
reduced and a few columns are combined into one large column structure. It is 
notable that the electron produced from the anode-electrolyte interface has no way 
to go in-plane direction if the TPB is formed at the surface of Ni anode. The electron 
produced from electrochemical oxidation should be transferred to in-plane direction 
through the weakly connected Ni grains. Although closely packed Ni grains structure 
has multiple connections in nanoscale, it can be assumed that the change in the 
overall in-plane resistance highly depends on the shape of the nano-column. From 
this assumption, the width of the Ni nano-column was controlled by changing the 
sputtering incident angle and substrate rotation speed. In addition, the in-plane 
resistance of the Ni anode on AAO was measured by four-point probes. 
Consequently, electrochemical performances were measured and compared. 
 
 
Figure 3.10 Surface nanostructure of bare AAO, 250nm and 800nm thickness of Ni 
anodes. Schematic illustration of an electron transfer path from TPB. The overall in-
plane resistance consisted of multiple nanoscale connections of resistances is 




Figure 3.11 Schematic illustration of Ni anode fabrication varied with deposition 
angle: 75 and 45 degrees. Sample number 1 was deposited with 75 degrees. Sample 
number 2 was deposited with 45 degrees at rotation speed of 1.4 rpm. Rotation speed 
was controlled at 1.4, 6, and 10.6 rpm for sample numbers 2, 3, 4. A schematic 
illustrated in the right side comparatively shows the column structure affected by 
low angle deposition. 
 
   Four kinds of Ni anode samples were fabricated: Sample 1 was deposited by 75º 
incident angle and rotation speed 1.4 rpm (ROT1). Sample 2, 3, and 4 was deposited 
by 45º and variation of rotation speed 1.4 (ROT1), 6.0 (ROT2), and 10.6 rpm (ROT3), 
respectively. On top of the anode structure, 20mol% GDC and YSZ materials were 
deposited as sandwich structure by O2 reactive sputtering process. To verify the in-
plane resistance of the anode samples 1 and 2, 4-point-probe measurement was used. 
In figure 3. 12, comparison of the in-plane resistances of ROT1 sample with 75º and 
45º was shown. The in-plane resistance of ROT1(75º) sample was higher by a factor 
of three times compared to that of ROT1(45º). Although the value of the resistance 
was low, contribution to the ohmic resistance could be large enough to affect the 
power density. The performance of ROT1(45º) was substantially improved at 450℃. 
EIS results showed that ohmic resistance of ROT1(45º) was reduced by more than 





Figure 3.12 Surface nanostructure and cross-sectional FESEM micrographs of Ni 




Table 3.2 Column width of sample numbers 1, 2, 3, and 4. Sample 1: ROT1(75º). 





the resistances are totally attributed to the anode structure: columnar width. Other 
than these factors, surface porosity, crystallinity of the anode nanostructure, and the 
thickness were controlled to be same. Further investigation on the relationship 
between the nano-column width of the anode and the ohmic resistance was processed 
by controlling substrate rotation speed. As shown in figure 3.13, the peak power 
density of TF-SOFCs was steadily increased as the width of the nano-column 
increases. This tendency is clearly observed in figure 3.13 (c). Resultantly, the peak 
power density of Ni anode based TF-SOFCs was increased up to 304 mW/cm2 at 
450℃. The high peak power density (477 mW/cm2) of Ni-based anode TF-SOFCs 
at 500℃ was obtained by using this Ni anode nanostructure deposited by low angle 
and high rotation speed. This performance of TF-SOFCs was higher than any other 
previous reports related to Ni-based anode AAO supported TF-SOFCs. We believe 
that this improvement, particularly on ohmic resistance, is attributed to the anode 
nanostructure especially related to column width. The control of the nano-column 
width by changing the sputtering parameter is the first attempt and contribution in 




Figure 3.13 Electrochemical performance comparison of ROT1(75º) and ROT1(45º) 
samples. 
 
Figure 3.14 (a) j-V-P curves of sputtered Ni anode varied with rotation speed. (b) 
EIS measurements of ROT1(45º), ROT2(45º), and ROT3(45º) samples. (c) 
Relationship between nano-column width and ohmic resistance of TF-SOFCs. (d) 









Figure 3.15 Schematic and cross-sectional FESEM images of TF-SOFCs. 
 
    Previous experimental results show that the anode nanostructure fabricated by 
sputtering can be delicately controlled, and the deposition parameter that mostly 
affects the performance of TF-SOFCs was found from parametric studies. The final 
process for obtaining high performing nanostructured anode is finding the optimized 
composition for Ni-GDC anode. Pure Ni anode is vulnerable to thermal 
agglomeration, and the TPB formation is limited to the interface between the 
electrolyte and anode. By applying the cermet anode on TF-SOFCs, the performance 
and the stability of the cell could be greatly enhanced. In co-sputtering process, low 
angle (45º) and high rotation speed (10.6 rpm) are equally applied for all samples. 
Therefore, the structural advantage of sputtering anode confirmed from the previous 
experiments is valid for manufacturing co-sputtered Ni-GDC anode. The GDC 
composition in the cermet anode was controlled by changing the deposition power 
for the Ni and GDC targets. The detailed deposition condition for Ni-GDC and GDC 
composition according to the power control is presented in table 3.3. The volume 




Table 3.3 Co-sputtering conditions for nanostructured Ni-GDC anode on AAO. 
 
 
Since the in-plane conductivity of the nanostructured anode on AAO 
substrate has great impact on the performance, GDC composition in the cermet 
anode should affect the performance by blocking the electron conduction path in Ni 
anode. Although ceria tends to be reduced and show partially electrically conductive 
at reducing atmosphere, still the electrical conductivity is much less than metal phase 
such as Ni. Therefore, mixing Ni nanostructure with GDC nano-sized grains could 
reduce electrical conductivity properties. Before, electrochemical performance 
measurement, the surface structures of the Ni-GDC anodes were compared because 
the surface porosity could be attributed to the performance difference. From the 
surface FESEM images, it is confirmed that the difference in surface porosity 
depending on GDC volume fraction of Ni-GDC anode was negligible. Therefore, the 
electrochemical performance difference between the samples should be attributed to 
the electrical and electrochemical properties of the anode. The samples with 12.8 and 
27.7 vol% showed lower electrochemical performance compared to the bare Ni 
anode sample. Considering GDC contents contribute the formation of TPB density 
of the anode, it is hard to understand the decreased power density with higher GDC 
composition. From the EIS results, the performance decrease was mainly because of 
the increase in ohmic resistance. Although polarization resistance also increased with 
GDC contents, increase rate of the ohmic resistances was exceptionally high. A 






Figure 3.16 Surface nanostructure of Ni-GDC anode depending on GDC 




Figure 3.17 Electrochemical performance and EIS results measured at 0.6V of Ni 






GDC anode hinders the electron conduction through the anode. Consequently, 
deactivation of the reaction sites at the anode side was also increased causing the 
increase in polarization resistance. More interestingly, the maximum power density 
was obtained from nanostructured Ni-GDC anode with 3.9 vol% of GDC. Low  
 
 
Figure 3.18 Performance comparison of Ni anode with Ni-GDC anode with low 






loading of GDC on Ni-GDC anode showed the maximum power density of 749 
mW/cm2 at 500℃. The contributions for the performance analyzed from EIS results 
indicated that ohmic resistance of the Ni-GDC 3.9vol% sample (0.32 Ω·cm2) was 
higher than the pure Ni anode (0.2 Ω·cm2). However, the increase rate was much 
intense at polarization resistance. The total area-specific resistance (ASR) of the Ni-
GDC anode with 3.9 vol% showed only 0.43 Ω·cm2 measured at 0.6V. To the best 
of our knowledge, this power density is the highest performance among AAO-based 






Intensive research of the effect of the co-sputtering parameter on 
electrochemical performance of the nanoporous substrate supported TF-SOFCs has 
been presented for low-temperature. The anode nanostructure fabricated on the AAO 
was controlled by changing the various deposition parameters such as chamber 
pressure, deposition power, incident angle, and substrate rotation speed. Although 
the surface porosity and the thickness of the anode on AAO are known to be critical 
factors for determining the performance from the previous reports, it has never been 
confirmed in the co-sputtering system, and the more effective parameters are 
demonstrated from this chapter. 
 
     The early investigation on the effective porosity and the thickness of the co-
sputtered anode are determined as 8 Pa and 800nm. Even though the porosity of the 
film can be more increased if the chamber pressure increase over 8 Pa, 8 Pa was 
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chosen for the all anode samples fabricated in this chapter because of the reasonable 
performance with this condition. The thickness of 800nm was optimum value for Ni-
GDC co-sputtering anode. This value can be adjusted as the pore diameter of the 
substrate is changed. Over 800nm thickness of the anode, the polarization resistance 
was abruptly increased while the ohmic resistance was decreased, which means that 
the TPB density of the anode was decreased by the blockage of the gas diffusion path. 
Notable point found in this study is that the in-plane conductivity of the 
nanostructure deposited on the AAO has a considerable impact on the performance. 
Unlike the typical SOFCs structure, the electron conduction path in AAO supported 
anode is limited to the in-plane direction causing a large number of the deactivated 
zone and the significant ohmic resistance originated from the electron conduction. 
As the nano-column was controlled by rotation speed and incident angle of the co-
sputtering, the peak power density and overall resistances were intensively decreased 
at low-temperature. The 45 degree of incident angle and 10.6 rpm of high-speed 
rotation for Ni-GDC co-sputtering presents the high performance in 450 and 500℃.  
 
    Finally, with the deposition conditions demonstrated for fabricating Ni-GDC 
anode, the composition of Ni-GDC anode beneficial for the performance has been 
presented for low-temperature operation. The excessive contents of GDC composite 
are negatively affecting in terms of ohmic resistance since the oxide materials could 
block the electron conduction path. Only 3.9 vol% of GDC in Ni-GDC anode showed 
the peak power density of 749 mW/cm2 at 500℃, which is the highest performance 








Chapter 4. Thermal Stability of Ni-GDC Anode 




         The high surface energy of Ni causing the severe agglomeration at high 
temperature has always been issue on long term SOFC operation of Ni-based anode. 
In the literature, it has been reported that the grain size of the Ni and GDC changes 
the tendency of the agglomeration[88,89]. In addition, variation in GDC composite 
also greatly affects the structural change during the thermal annealing. From the 
previous chapter, the performance of Ni-GDC anode with high loading of GDC 
composite was lower than expectation. Except the in-plane conductivity, the thermal 
agglomeration effect could be another reason for the performance drop. Based on the 
knowledge of vulnerability of the nano-sized grain structure for the thermal 
agglomeration, it can be assumed that the thermal aggregate of Ni-GDC anode has 
impact on the electrochemical performance even at the very first measurement. To 
verify the thermal agglomeration tendency of nanostructured Ni-GDC deposited by 












     For various compositions of Ni-GDC anode on AAO substrate, Ni metal, and 
20mol% GDC ceramic targets were used to deposit the film. Deposition power for 
Ni target was varied from 200 to 50W and the RF deposition power was controlled 
from 0 to 100W. The GDC composition variation was ranging from 0 to 51.3 vol%. 
Deposition pressure was kept in 8 Pa for fabricating all the samples. In addition, 
incident angle and rotation speed were sustained with 45 degrees and 10.6 rpm.  
 
    For full cell operation test, patterned YSZ electrolyte was deposited for 800nm, 
and the Pt-GDC cathode was fabricated on top of the electrolyte. Test for extended 
time operation was done by two kinds of operation. One was under constant voltage 
of 0.8, and the other one was OCV condition. The electrochemical performance and 
nanostructure was characterized by the same instruments used in the previous chapter. 
 
   The annealing temperature was set to 500℃. The atmosphere of the thermal 
annealing was sustained at reducing conditions by supplying the gas consisted of 80% 
hydrogen and 20% nitrogen. 
 
4.2 Results and Discussion 
 
        The operational characteristic on extended time for TF-SOFCs varied with 
GDC composition on Ni-GDC anode was compared in figure 4.2. Samples were 
named with Ni volume fraction of Ni-GDC anode. The full cell was tested under 





Figure 4.2 Operational characteristic of AAO supported TF-SOFCs with GDC 
composition variation of nanostructured Ni-GDC anode. 
 
operation lifetimes of TF-SOFCs at constant voltage conditions were less than 180 
minutes except for the Ni-GDC anode with 3.9 vol% of GDC (96.1 vol% of Ni). This 
trend is consistent with operation at OCV condition. Other than Ni-GDC with low 
contents of GDC, the lifetime was limited under 3 hours. To investigate the cause of 
the short cell stability of most of AAO supported TF-SOFCs with Ni-GDC anode, 
the structure change due to thermal annealing at reducing atmosphere was 
characterized with GDC composition variation. The degree of the agglomeration was 
intense at pure Ni anode considering the grain size growth. The grain size of as-
deposited pure Ni anode was a few tens of nanometer. After annealing process, the 
grain size of agglomerated Ni anode measured from the high magnification of 
FESEM image was larger than 500nm, which means more than 20 times increase in 
grain size. Due to the severe agglomeration, AAO surface was exposed. Not only 
TPB loss in the anode-electrolyte interface, but also contact between the electrolyte 
and anode could be damaged. The severe structure change affected by thermal 
annealing was also observed for higher loading of GDC (over 12.8 vol %) at Ni-
GDC anode. Although the agglomerated shape of the nanostructure was different, it 
can be speculated that Ni nano-sized grain wad diffused and agglomerated to form 





Figure 4.3 Thermal agglomeration of nanostructure depending on Ni volume fraction 
in Ni-GDC anode (a) 100, (b) 96.1, (c) 87.2, (d) 68.5, (e) 58.4. The samples were 
agglomerated at 500℃ for 3 hours at reducing atmosphere presented in (a-1), (b-1), 





Figure 4.4 Schematic of agglomeration of Ni-GDC on AAO substrate depending on 
GDC composition. Side view of (a) as-deposit Ni-GDC anode, (b) Ni-GDC with 3.9 
vol% of GDC annealed for 3 hours, and (c) Ni-GDC with high loading of GDC 
annealed for 3 hours. The white dot line is drawn to emphasize the agglomerated Ni 
grain. 
 
     The possibility of delamination at anode-electrolyte interface due to the 
agglomeration was examined by side view of the agglomerated Ni-GDC anode on 
AAO substrate. Compared to the as-deposit nanostructure of the Ni-GDC, the 
nanostructure change of the Ni-GDC with 3.9 vol% of GDC was negligible, only 
slightly agglomerated of the surface nano-grain. On the other hand, the Ni-GDC with 
high loading of GDC showed dramatic change in nanostructure. From the side view, 
it is clear that diffusion of Ni nano grain was the major mechanism for the Ni grain 
growth. Without the surface diffusion of Ni, the large grain formed inside of 






Figure 4.5 Crystallinity of as-deposit and annealed Ni-GDC anode measured by x-
ray diffraction (XRD). 
 
 
grains could be blocked by nanoscale GDC grains at a high level of GDC loading. 
Enhanced crystallinity of Ni and GDC phase was also consistent with the 
agglomeration tendency. Since the grain size and density of the structure affect the 
intensity measured from the XRD, severe agglomeration of Ni-GDC nanostructure 












        The agglomeration tendency of Ni-GDC cermet anode fabricated by co-
sputtering has been investigated for the different compositions of GDC in Ni-GDC 
anode. Pure Ni anode is already known to be vulnerable to the thermal agglomeration 
at 500℃. However, it is interesting that the high concentration of GDC (over 10 
vol%) in nanostructured Ni-GDC on AAO support cause even more severe structural 
change possibly causing the cell failure. The small amount of GDC contents in Ni-
GDC anode shows the least agglomerated structure attributed to the thermal 
protection from GDC nano-grains. The detailed mechanism for agglomeration of 
nanostructured Ni-GDC has not been demonstrated in this thesis. Nevertheless, it 
can be assumed from the nanostructure characterization that the high surface energy 
and diffusion rate of a few tens of nanometer grains could be the major reason for 
the Ni agglomeration. As confirmed from the side view of the agglomerated Ni-GDC 
layer, the large grain of Ni is formed in between GDC nano-column by Ni diffusion 


















        In previous chapters, structural and compositional characteristics of Ni-
GDC deposited by co-sputtering have been investigated in terms of electrochemical 
properties. Consequently, the record-high performance of nanostructured Ni-GDC 
anode based TF-SOFCs on AAO substrate was achieved due to the improved in-
plane conductivity, TPBs density, and the enhanced thermal stability of the 
nanostructure. The direct utilization of the methane gas fuel could facilitate the 
commercialization of TF-SOFCs because of the reduced system size and the 
enhanced overall efficiency of the system[90–92]. Moreover, the existing 
infrastructure of supplying the natural composed of 90% methane can be beneficial 
for the practical use of TF-SOFCs as a portable energy source. Therefore, the 
development of direct methane TF-SOFCs is considered as one of the most imminent 
issues.  
 
      Ni-based anode is the most basic and common structure for reforming and 
electrochemically oxidizing methane fuel. As mentioned in chapter 1, the direct use 
of methane to the Ni-GDC anode has several issues. From the thermodynamic 
ternary diagram for C, H, and O, carbon deposition on the Ni catalyst likely happens 
at 500℃. On the long term operation with direct methane fuel, the SOFCs are failed 
due to severe carbon deposition deactivating the reaction sites on the anode. 
Furthermore, in operational perspective, the low steam to carbon ratio (S/C) is 
beneficial for the system efficiency due to the low dilution of the fuel[93]. However, 
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at low S/C ratio, the probability of carbon solid phase formation on metal catalysts 
is high in terms of thermodynamic point of view. Although the experimental study 
on direct internal steam reforming for Ni-GDC anode has been frequently 
demonstrated, the study on the direct use of methane to nanostructured Ni-GDC 
deposited by co-sputtering has been rarely reported. N. Laosiripojana and K.O. 
Christensen et al. reported that the nano-sized grain structure of Ni and ceria has 
resistance properties for carbon coking phenomenon[94,95]. From this literature 
information, it can be assumed that the co-sputtered Ni-GDC anode could show high 
catalytic performance for direct internal steam reforming due to the high surface area 
of the nanostructure even at low-temperature. Therefore, in this chapter, the 
electrochemical performance of the direct use of SOFCs with the co-sputtered Ni-
GDC anode deposited on the scandia stabilized zirconia (ScSZ) pellet substrate was 





     The ScSZ electrolyte pellet with 150um thickness was used to support the 
nanostructured Ni-GDC anode for eliminating the possible leakage current through 
the electrolyte due to the low quality of the electrolyte. Ni-GDC anode deposited by 
co-sputtering was varied with deposition power. Resultantly, GDC composition of 
the anodes was controlled for 3.9, 12.8, 31.4, 48.2 volume percentage. The cathode 
deposition condition was set to be same as the previous experiments in chapter 4.  
 
    For the electrochemical measurement of the direct use of methane, methane was 
supplied to the cell through the bubbler filled with distilled water at room 
temperature. The methane gas supply was controlled for 50 sccm by mass flow meter 
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(MFC). For switching the methane fuel to hydrogen gas during the operation, two 
gas lines were set and controlled by manual valves. The cathode side was exposed 
to the ambient atmosphere.  
 
    The chemical composition before and after operation with a low S/C ratio of 
methane fuel was analyzed by x-ray photoelectron spectroscopy (XPS). The catalytic 
performance of nanostructured Ni-GDC anode for the reforming was characterized 
by measuring OCV of the cell with nearly dry methane.  
 
 
5.3 Results and Discussion 
 
      One of the fundamental indicators of the electrochemical performance with 
direct methane fuel is the OCV of the cell. Especially, at low-temperature, the 
reforming kinetic is energetically not favored. Therefore, if the anode is not 
optimized at composition and structure, the OCV could not be formed with the direct 
methane fuel. Figure 5.1 shows the OCV of the anode with GDC 3.9 vol% was under 
0.2 voltage, which means that the methane was not properly reformed or 
electrochemically oxidized. As the GDC composition increase in Ni-GDC anode, the 
OCV of the cell was starting to increase. Over 48.2 vol% of GDC composite in Ni-
GDC anode, OCV was close to the theoretical value. This was also confirmed from 
the J-V-P curves of the cells. The peak power density of the Ni-GDC anode cell with 
48.2 vol% showed higher performance compared to the cell with low loading of 
GDC composite. The major reason for the performance difference was attributed to 
OCV of the cells. On the other hand, it is noteworthy that current behavior was 





     
 
 
Figure 5.1 (a) Open circuit voltage (OCV) of the Ni-GDC anode on the ScSZ pellet 
operated with nearly dry methane (3 vol% H2O). (b) JVP behavior of the Ni-GDC 





  As the GDC contents of Ni-GDC anode increase, the TPB density of Ni-GDC 
anode is increased. This TPB could be acted as reforming sites due to the material 
characteristic of ceria for reforming. To further investigate the assumption about TPB 
density effect on reforming kinetic, two different anode structure with different grain 
size was tested with nearly dry methane at 500℃. The grain size of nanostructured 
Ni-GDC was less than 50 nm, while that of Ni-GDC fabricated by screen printing 
was more than 1um, which was more than 20 times larger. The OCV was measured 
for methane and hydrogen fuel. The results showed that OCV of the nanostructured 
Ni-GDC anode was over 0.8V with the methane fuel. However, the OCV of the 
anode fabricated by screen printing method indicated only about 0.2 V for the 




Figure 5.2 Grain size effect of Ni-GDC anode on open-circuit voltage (OCV) of 








Figure 5.3 (a) Time-dependent characteristic of TF-SOFCs with Ni-GDC anode 
deposited by co-sputtering at 0.6V. (b) XPS analysis for co-sputtered Ni-GDC anode 





     Even though the nanostructured Ni-GDC with 48.2 vol% of GDC showed 
OCV and the performance, the lifetime of the cell was less than 30 minutes. The 
cause of this short life term was carbon deposition on the Ni metal catalyst of the 
anode. XPS results showed that Ni-C carbide and C-C binding were detected. 
Although the carbon was also detected for the bare Ni-GDC anode, the intensity 
related to the amount of carbon was much higher after methane operation. These 
results clearly indicated that the co-sputtered Ni-GDC anode was vulnerable to 
carbon deposition at a low S/C ratio and low-temperature[96]. For extending the 
operation time of nanostructured Ni-GDC anode, the additional reforming structure 




       The compositional analysis for direct methane fueled TF-SOFCs with Ni-
GDC anode is investigated in this chapter. Due to the nano-sized grain of Ni in co-
sputtered Ni-GDC anode on ScSZ pellet, the reforming kinetic is greatly enhanced. 
This was comparatively shown with OCV data of the Ni-GDC fabricated by screen 
printing method. Even with the same composition of Ni-GDC, the Ni-GDC anode 
with large grain size (over 1um) showed no discernable OCV at 500℃ for a nearly 
dry methane fuel. In addition, the GDC volume fraction of co-sputtering Ni-GDC 
anode should be close to 50 % for producing reasonable OCV. However, the GDC 
contents of the highest performing Ni-GDC anode for TF-SOFCs was only 3.9 vol%. 
Therefore, to be operated with low S/C methane fuel, the additional reforming 
structure is required in TF-SOFCs architecture. The nanostructured reforming layer 
on TF-SOFCs could be fabricated by co-sputtering. The fabrication process for the 




Chapter 6. Direct Methane Fueled Thin-film 






Figure 6.1 (a) Ternary diagram for C-H-O. The fuel composition for TF-SOFCs 
operation is 97% CH4 and 3% H2O. (b) Activation energy and free energy change of 
hydrogen coupling on Ni and Ru supported by ceria [77]. 
 
 
       A low S/C ratio on methane fuel is vulnerable to carbon deposition on metal 
catalysts in thermodynamic point of view. However, if the metal nano-catalyst is 
supported with ceria-based materials, carbon species adsorbed on metal can be 
detached by reacting with lattice oxygen in the support. In addition, the rate of 
producing hydrogen, hydrogen coupling, depends on the activation energy and free 
energy change of hydrogen species. According to the report from Yu Chen et al., the 
hydrogen coupling reaction is thermodynamically and kinetically favored in Ru 
compared to Ni[77]. In material perspective, the mixture of Ru and ceria support is 





     Inspired by the recent work related to the thermal catalytic reforming 
performance of nano-catalyst on ceria support, it is assumed that the nanostructured 
Ru-GDC reforming layer deposited by co-sputtering could show high performance 
for methane reforming at low-temperature due to the nano-sized grain enabling the 
formation of high TPB density[97,98]. Uniformly mixed Ru-GDC reforming layer 
was fabricated on the bottom of AAO so that the reformed methane fuel could flow 
into the reaction sites of Ni-GDC anode. The fabrication of reforming layer on the 
bottom of the substrate is aligned with the state of the art design of the SOFCs 
structure for the direct methane operation. Even though AAO is electrically non-
conductive, Ru-GDC is a thermal catalyst and electrically connected by Ag paste 





Figure 6.2 (a) Schematic of integrated TF-SOFC with nanostructured Ru-GDC layer. 
(b) Side view of nanostructured Ni-GDC/GDC/YSZ/Pt-GDC fabricated by 
magnetron sputtering. (c) 400 nm thickness of Ru-GDC reforming layer deposited 







        AAO supported TF-SOFCs was fabricated by sputtering. The 
nanostructure for electrochemical oxidation consisted of Ni-GDC/GDC/YSZ/Pt-
GDC. GDC anode interlayer was deposited by ceramic target with O2 reactive 
sputtering. For the reactive sputtering, the 80% Ar and 20% O2 gas were supplied to 
the chamber to sustain 0.67 Pa. The thickness of GDC interlayer was controlled for 
50nm. This role of GDC anode interlayer was inhibiting carbon deposition on Ni by 
increasing the composition of the GDC at the anode-electrolyte interface. Dense YSZ 
electrolyte was deposited at 800nm thickness. This thickness of the electrolyte is 
thicker than the previous research on AAO supported TF-SOFCs to ensure the gas 
leak from the anode side, which could cause OCV drop. The Ru-GDC reforming 
layer was deposited on the backside of the AAO. The composition of the Ru-GDC 
layer was controlled by sequential deposition method. Consequently, the Ru volume 
percent of Ru-GDC layer was varied by 1.3, 2.0, and 3.3 vol%. The samples with 
Ru-GDC reforming layer are denoted as RuGDC0.01 for 1.3 vol%, RuGDC0.02 for 
2.0 vol%, and RuGDC0.03 for 3.3 vol%, hereafter.  
 
       The porosity of Ru-GDC nanostructure was calculated from the surface 
FESEM images by the image-j program. For the surface chemical analysis, XPS and 
Raman spectroscopy was used.  Furthermore, to investigate the carbon deposition 
phenomenon for Ni-GDC anode with and without reforming layer, the fixed bed flow 







6.3 Results and Discussion 
 
        The deposition of Ru-GDC on the AAO substrate was investigated by 
structural analysis. The side micrograph of Ru sputtering layer on AAO substrate 
was analyzed by FESEM. Reactive sputtering of Ru metal also showed the nano-
column structure, which means that the fabrication of the co-sputtered Ru-GDC 
reforming layer could form high density of TPB. The crystallinity of Ru-GDC anode 
 
 
Figure 6.3 (Upper micrograph) Side view of Ru deposited by sputtering on the AAO 






was investigated by XRD analysis. Due to the low contents of Ru, the crystalline 
peaks were barely detected. However, the peaks were clearly confirmed from the 
XRD. Since the intensity of the spectrum for the specific crystal structure is 
proportional to the amount of the structure included in the sample, the results indicate 
that the contents of the GDC is much more dominant than Ru. The compositional 
analysis was measured by XPS for the nanostructured Ru-GDC. The XPS spectrum 






Figure 6.4 XPS analysis for the nanostructured Ru-GDC deposited on AAO substrate. 
(a) Scan of photoemission properties of Ru-GDC at 100-1000 eV range. (b) The Ru 
3d (c) Ce 3d (d) Gd 4d (e) O 1s properties. 
 
 
properties of Ru 3d, Gd 4d, Ce 3d, and O 1s presented in figure 6.4. The 
photoemission properties of Ru, Gd, Ce, and O are observed at 276-291eV, 135-166 
eV, 870-915 eV, and 526-534 eV. In addition, the peaks measured from XPS analysis 
at 276-291 eV were deconvoluted into Ru 3d3, 5 and C 1s and Ce 4s. The carbon 
detected from the XPS results was possibly attributed to the contamination from the 
ambient air during sample storage. This detection of the contamination is due to the 
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surface-sensitive characteristic of XPS analysis with only 10nm infiltration of X-ray.  
 
     To investigate the compositional effect of the Ru-GDC reforming layer on 
electrochemical performance, the Ru-GDC layer was fabricated with three different 
compositions: GDC vol% 1.3, 2.0, and 3.3. In table 6.1, the specific atomic 
concentration and the volume ratio of Ru was demonstrated. The thickness of the 
Ru-GDC layer was maintained at 400nm for all samples. Even though Ru contents 
only changed from 1 to 3 percent, the surface structure could be changed due to the 




Table 6.1 Specific atomic concentration of the nanostructured Ru-GDC reforming 








Figure 6.5 Surface and cross-sectional nanostructure of FESEM micrographs for Ru-
GDC reforming layer varied with Ru volume fraction.  
 
 
The surface nanostructure of the co-sputtered layer is sensitive to the growth 
characteristic of the materials. The high sputtering yield of Ru compared to GDC 
deposited by ceramic target could be the reason for the difference in the 
nanostructure even with the small change of the chemical composition. The detailed 
mechanism of the co-sputtering of Ru-GDC has not been studied. It will be further 
investigated in future work.  
     The surface porosity of the Ru-GDC layer was calculated from the FESEM 
images from figure 6.6. In this figure, the porosity of the RuGDC 0.01 was less than 
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10 %. As the Ru volume fraction was increased to 3.3%, the porosity of the 
RuGDC0.03 was also increased over 25%, which is more than twice compared to 
RuGDC0.01 sample. This structure change affected the OCV tendency of TF-SOFCs 
with reforming layer. The OCV was measured with nearly dry methane supply at 
500℃ for the TF-SOFCs with different compositions of Ru-GDC reforming layer. 
The composition of Ni-GDC anode was determined as 3.9 vol%, which showed the 
highest performance compared to other compositions. Due to the low loading of 
GDC composite, the OCV of the bare TF-SOFCs was close to 0V. This result was 
consistent with the previous experimental result of chapter 5. As the Ru composition 
increase for the reforming layer, the OCV was starting to increase and reached to 
1.02 V. Although some of the cells with RuGDC0.01 and 0.02 showed higher OCV 
over 0.8V, the fluctuation was too significant for the stable operation possibly due to 
unsteady reforming performance. One notable thing in the OCV data was RuGDC 
1.6 sample. The high loading of Ru sample showed a little bit lower OCV of TF-
SOFCs compared to the cell with RuGDC0.03. This result might indicate that the 
reforming kinetics are not totally depending on Ru contents. Only when Ru and GDC 
form a high density of TPB, the Ru-GDC layer could facilitate the high performance 
of methane reforming. This assumption is supported by the proposed mechanism of 
steam reforming at the Ru catalyst supported with oxide material[99]. There are 
several factors for determining the reforming performance. Among those, catalyst 
activity and resistance characteristics for carbon deposition are the major factors. 
The role of the catalyst is reducing the activation energy for chemical adsorption of 
the methane gas species on the metal surface. However, even with the high catalytic 
performance of the catalyst material, available surface for chemical adsorption could 
be blocked by the carbon species deposited on the surface. The oxide support is 
crucial for eliminating the carbon species on the catalyst. According to the proposed 






Figure 6.6 The surface porosity of the nanostructured Ru-GDC reforming layer on 
the AAO substrate. The OCV of TF-SOFC with bare and Ru-GDC reforming layer 
varied with Ru volume fraction. 
 
 
by producing carbon monoxide and hydrogen gas. This possibility was also 




     The OCV of TF-SOFC without the Ru-GDC reforming layer was close to zero. 
To confirm the results, the fuel was switched from hydrogen to methane while 
measuring the OCV of TF-SOFCs. This result was the same as the pellet based 
experiments. On the other hand, TF-SOFCs with RuGDC 0.03 samples showed high 
OCV. The Nernst equation for calculating the theoretical OCV for the temperature 
ranging from 200 to 700℃. The OCV of TF-SOFCs with RuGDC 0.03 sample was 
slightly lower than the oxidation of hydrogen and higher than direct oxidation of 
methane. The accuracy of OCV data of TF-SOFCs could be reduced by the 
experimental variable such as nanoscale pinhole in the electrolyte or leakage through 
the sealant, which affecting the OCV by following Nernst equation. Nevertheless, 
the OCV acquired from this experiment was stable for the extended time operation. 
Therefore, it is appropriate to assume the major fuel gas species for electrochemical 




Figure 6.7 OCV without the nanostructure RuGDC reforming layer (NRL) with 
methane fuel supply. Theoretical standard potential for three electrochemical 







component oxidized at the anode was hydrogen and partially methane. The specific 
gas component at the reaction sites of the anode side could not be realized from this 
analysis because of the complex reactions of methane and reformed gas oxidation. 
The reason why it is difficult to know the exact gas composition at the anode reaction 
sites is that the gas composition is continuously changed by chain reaction. Hydrogen 
oxidation produces the water vapor, and the water vapor could participate in water 
gas shift reaction and in reforming reaction because S/C ratio are locally changed at 
the reaction sites. As mentioned above, the reforming kinetic is enhanced at high 







Figure 6.8 (a) JVP behaviors of TF-SOFCs with RuGDC 0.01 and 0.02 NRL samples. 










Figure 6.9 The J-V-P curve and the EIS analysis for TF-SOFCs with RuGDC 0.03 








Figure 6.10 The points measurement of TF-SOFC with RuGDC 0.03 NRL for the 
extended time operation. Current density, polarization resistance, and ohmic 





      The JVP behaviors of RuGDC 0.01, 0.02 and 1.6 samples were measured at 
500℃. The current density was unstable at large over-potential region (lower than 
0.5V of the cell potential) for both RuGDC 0.01 and 0.02 samples. From the curve 
shapes, it can be speculated that the hydrogen fuel was insufficient at the anode 
reaction sites resembling with the concentration loss behavior. Although CO and CH4 
existed at the reaction sites, which were available for oxidation, the electrochemical 
oxidation of those gas species was too slow to produce high current density. Further 
optimizing on Ru composition was required. The performance of TF-SOFCs with 
high loading of Ru was also investigated. The concentration loss or unstable 
performance was not observed for the samples. However, the peak power density of 
the cell was under 80 mW/cm2. Even with the over 50 vol% of Ru contents, the 
performance was not dramatically improved. This result implies that Ru nanocatalyst 
itself was not the whole responsibility for the reforming kinetics. The nano-sized 
grain of Ru on GDC support could be the key factor for high performance for 
methane reforming. This assumption is consistent with the recent report about singly 
anchored metal atoms on the ceria support. 
 
        Based on the assumption, the performance of TF-SOFC with RuGDC0.03 
should be more enhanced. The electrochemical performance of the cell was 
characterized by JVP behavior and EIS analysis. In figure 6.9, the performance of 
TF-SOFCs with RuGDC0.03 NRL clearly showed the enhanced power density. The 
peak power density was reached to the 187 mW/cm2, which is the highest 
performance among AAO supported TF-SOFC operated under CH4 at 500℃. From 
the EIS analysis, polarization resistance of the cell was much higher compared to the 
cell with hydrogen fuel. This result was reasonable considering the sluggish reaction 
of methane or carbon monoxide electrochemical oxidation. Another possible reason 
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for the considerable polarization resistance was the cell temperature reduction due 
to the endothermic reaction of methane steam reforming. This could also be the 
reason for increasing the ohmic resistance of the cell.  
 
      The key point of a direct methane operation is time-dependent performance 
characteristics due to the possibility of carbon formation at the anode reaction sites 
causing the severe performance degradation and even failure of the cell[100]. 
Therefore, the investigation of the time-dependent operation is essential in this thesis. 
Figure 6.10 depicted the current density, polarization, and ohmic resistances changed 
with the operation time. It was observed that the current density was severely 
degraded in the early stage of the cell performance at the rate of minus 51.7 mA/cm2 
per hour. After 3 hours operation, the degradation rate was decreased over 70 %. We 
believe that TF-SOFCs requires the time for the thermal stabilization of the 
nanostructure. As shown in chapter 4, the Ni-GDC anode showed an agglomerated 
structure even with the optimized GDC contents. The agglomeration of the anode 
nanostructure could attribute to the degradation, not only to the polarization but also 
to the ohmic resistance. By the change of the anode structure, the contact resistance 
at the anode-electrolyte interface should be affected. After 3 hours, the ohmic 
resistance was stabilized, unlike the polarization resistance. The steady rise of the 
polarization resistance could be attributed more to the Pt-based cathode. For further 
investigation, the constant voltage was applied for the TF-SOFCs with RuGDC 0.03 
operated under nearly dry CH4. The duration of the operation lasted more than 12 
hours. Considering the operation time of Ni-GDC deposited on ScSZ pellet with CH4 
was shorter than an hour, this extended operation of AAO supported TF-SOFCs was 
greatly superior to the previous results. Besides, it has never been reported that the 
constant voltage measurement of AAO supported TF-SOFCs even with hydrogen 
fuel. This long operation was attainable due to the thermally enhanced 
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nanostructured Ni-GDC anode on nanoporous substrate. Nevertheless, the current 
density of the cell was degraded 4.6 % per hour at 0.8V. This degradation was 
attributed to the thermal agglomeration of the electrodes, but the cathode 
agglomeration should be more dominant for the long operation since the hydrogen 
oxidation is much faster than the oxygen reduction reaction. However, the possibility 
of the performance degradation by carbon formation on the reaction sites at the anode 
should be not be ignored since the carbon formation on Ni-GDC anode was 





Figure 6.11 The constant voltage measurement of AAO supported TF-SOFC with 







To verify the possible carbon coking on the anode nanostructure, the fixed bed flow 
reactor was used for the nanostructured anode with and without NRL. The Ni-GDC 
with and without NRL was attached to the SUS jig. The methane passed through the 
water bubbler was supplied to the AAO substrate. The methane gas was first 
contacted with Ru-GDC NRL and passed through the nano-channel in the AAO 
substrate. Sequentially, the gas passed through the nanoporous structure of the Ni-
GDC anode. The three kinds of samples were used in this test station: one was Ni-
GDC on AAO with the NRL, and the other two were Ni-GDC on AAO without the 
NRL. After over 12 hours of the exposure, the Ni-GDC anode surfaces of the three 





Figure 6.12 Fixed bed flow reactor with hydrogen and methane supply. 
 
From the surface analysis for Ni-GDC with and without the NRL exposed to the CH4 
for more than 12 hours, it is clear that the surface of the Ni-GDC anode with NRL 
showed no sign of carbon formation. Meanwhile, the carbon nanotube was clearly 
observed from the high-resolution FESEM surface image. Even with longer 
exposure time, the sample with NRL showed high resistance characteristics to the 
carbon coking. To obtain the qualitative information of the surface chemical 







Figure 6.13 (a) Surface nanostructure comparison analyzed by FESEM of Ni-GDC 
anode exposed to CH4 97% and H2O 3% with and without NRL. (b) Raman 










Raman spectroscopy results present that there is no signs of carbon for the Ni-GDC 
anode with NRL exposed to CH4. It is noteworthy that the spectrum of Ni-GDC with 
NRL exposed to CH4 was similar to that of Ni-GDC anode exposed to H2 for 12 
hours, which means both the no detectable carbon formed on the anode and the high 
reforming performance of the Ru-GDC NRL. On the other hand, in the region 
between 1500 and 1600 cm-1 (G band), in addition, 1320 and 1360 cm-1 (D band), 
the high intensity of the spectrum was detected. It is known that D and G band are 
indicating the existence of the amorphous carbon sp2 on the sample surface[101,102]. 
Furthermore, since the intensity of the Raman spectrum is directly proportional to 
the concentration of the chemical species, the amount of the amorphous carbon on 
the surface of the Ni-GDC anode was particularly larger than the sample with NRL. 
Therefore, it can be concluded that the severe carbon deposition on the 
nanostructured Ni-GDC anode can be prevented by applying Ru-GDC NRL 






      The fabrication process for the nanostructured Ru-GDC layer and the thermal 
catalytic performance for the methane steam reforming have been demonstrated for 
low-temperature. The composition and the porosity of the Ru-GDC are realized as 
critical factors for the performance. The 3.3 vol% of Ru contents showed the OCV 
over 1V. Furthermore, the peak power density of TF-SOFCs with 3.3 vol% of Ru 
presented 187 mW/cm2 at 500℃. The extended time operation of TF-SOFCs with 
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Ru-GDC reforming layer operated under nearly dry methane showed the degradation 
rate of 4.6 % per hour possible due to the degradation of Pt-based cathode. Even 
though the cell suffered from the degradation in the extended time, 12 hours of 
operation of TF-SOFCs with extremely low S/C methane fuel is the longest time 


























Chapter 7. Achievements and Future Work 
 
 
       The electrochemical performances of Ni-GDC cermet anode fabricated by 
co-sputtering were investigated for low operating temperatures. Due to the unique 
character of the electronic conduction path for the anode, the in-plane conductivity 
of the Ni-GDC is considered as a critical factor for achieving high performance. The 
nano-column structure of Ni-GDC anode on AAO substrate has a significant impact 
on the in-plane conductivity. The nanostructure with the wide width of the nano-
column has shown high in-plane conductivity resulting in the low ohmic and 
polarization resistances. By optimizing the Ni-GDC anode nanostructure, area-
specific resistance (ASR) for the charge species conduction is reduced down to 0.3 
Ω·cm2 at 500℃. Furthermore, the effect of GDC volume fraction in Ni-GDC anode 
on the electrochemical performance was examined. The results indicated that the 
excessive nano-sized GDC composite in Ni-GDC anode could diminish the peak 
power density by reducing the in-plane conductivity with the oxide phase of GDC. 
Consequently, the peak power density of the nanostructured Ni-GDC anode based 
TF-SOFCs with a low volume fraction of GDC (below 5%) has reached to 749 
mW/cm2. To the best of our knowledge, this result is the highest performance among 












Figure 7.1 Literature data of the peak power density of SOFCs in the range between 







     For a direct methane SOFCs with extremely low S/C ratio (about 0.03), the 
co-sputtering fabrication and electrochemical characterization of the nanostructured 
Ru-GDC reforming layer were investigated. The Ru volume fraction is optimized at 
3 %. The nano-sized Ru grains dispersed in nano-grains GDC support is the major 
contributor to the high catalytic performance for the methane steam reforming at 
low-temperature. AAO supported TF-SOFCs with the nanostructured Ru-GDC layer 
has shown the successful operation with the reasonable OCV and high performance 
for nearly dry methane fuel. Furthermore, the extended time operation of the TF-
SOFCs was demonstrated. Although the degradation rate of 4.6 % per hour was 
shown for the TF-SOFCs, the constant voltage measurement of TF-SOFC with 
methane fuel for 12 hours is demonstrated for the first time in this thesis.  
 
 
     In this thesis, co-sputtering Ni-GDC anode deposited at room temperature has 
been examined with the various deposition parameters, as well as with the thermal 
annealing process. However, the operation time and the degradation rate of TF-
SOFCs still needs to be much more enhanced because the state of the art SOFCs 
usually shows more than 100 hours without the degradation. The experimental 
results obtained from this thesis give insight for designing the high performance of 
TF-SOFCs with co-sputtering system. Due to the nano-sized grain of the sputtered 
layer, the thermal agglomeration of Ni nanoparticles is inevitable at the operating 
temperature. Therefore, other than Ni-GDC anode with high connectivity, the 
functional layer of Ni-GDC with high resistance to thermal agglomeration is required. 
For thermally stable structure, Ni concentration should be limited down to 5%. The 
TPB density could be high enough to produce high performance even with the low 
 
 85 
concentration of Ni because GDC has mixed ionic conductivity at reducing the 
environment. Further investigation on the nanostructured anode is necessary for the 
commercialization of TF-SOFCs for low-temperature. Furthermore, the cathode 
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     고체 산화물 연료전지는 낮은 오염도, 높은 에너지 효율, 그리고 
다양한 연료 활용가능성 때문에 유망한 미래에 에너지 변환 장비로 
여겨지고 있다. 이러한 고체산화물 연료전지를 상용화 하기 위해서는 
구조적 그리고 연료활용도에 있어서 획기적인 발전이 필요하다. 예를 
들어, 구조적인 측면에서, 전해질 두께는 작동 온도를 600 ℃ 미만으로 
낮추기에 충분할 정도로 얇아야 한다. 이러한 작동 온도 영역에서 높은 
열화율, 고가의 재료 사용, 그리고 긴 초기 작동 시간 같은 고체산화물 
연료전지 기술적 문제를 해결할 수 있다. 또한, 연료의 관점에서, 저온 
고체산화물 연료전지에 탄화수소 연료 (메탄, 부탄, 프로판 등)를 직접 
사용할 수 있다면, 수소 저장 및 큰 시스템 크기의 문제를 제거 할 수 
있다. 그러나, 전해질을 제조하기위한 박막 증착 기술은 기판의 증착 
조건 및 표면 구조에 크게 의존한다. 스퍼터링 구조와 증착 변수 사이의 
상관 관계에 대한 상세한 연구는 전해질 및 전극을 제조하기위한 박막 
증착 기술을 상업적으로 적용하기 위해 필수적이다. 또한, 낮은 작동 
온도에서, 직접적인 전기 화학적 산화 및 탄화수소 연료의 개질은 매우 
느리다. 따라서 낮은 작동 온도에서 높은 활성도를 가진 열 촉매 설계는 
필수적이다. 
 
전해질의 두께를 감소시키는 것 외에, 스퍼터링에 의해 증착 된 
박막층의 나노 크기의 입자 구조로 인해, 스퍼터링은 고 활성 전극을 
설계하는데 이용 될 수 있다. 더욱이, 고성능 열 촉매의 구조는 높은 
밀도의 반응영역을 필요로 하기 때문에, 나노 크기의 그레인으로 구성된 
코스퍼터링 박막은 저온영역 에서의 직접 메탄 연료사용을 가능하게 할 
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가능성이 있다. 이 연구에서는 500 ℃에서 작동하는 직접 메탄 SOFC의 
개발을 위해 고성능 나노 구조의 Ni-GDC 양극 및 Ru-GDC 개질 층을 
제조하기 위해 공동 스퍼터링 기술이 적용되었다. 
 
양극 산화 알루미늄 (AAO)은 균일 한 나노스케일 크기의 
나노홀, 높은 열-기계적 안정성 및 확장 성으로 인해 박막 고체산화물 
연료전지를 스퍼터링을 이용해 제작하기 위한 기판으로 사용되어왔다. 
AAO의 전기 비전 도성 특성으로 인해, 전기 화학적 성능은 AAO상의 
양극 나노 구조에 의해 크게 영향을 받는다. 전형적인 SOFC구조에서는 
집전 저항이 전체 셀 저항에 크게 영향을 미치지 않는다. 그러나, 
AAO위에 제작된 박막 고체산화물 연료전지에서, 연료극에서 생성된 
전자는 기판에 평행한 방향으로만 전도가 가능하며, 이는 전자 집전에서 
상당한 손실을 초래한다. 따라서 AAO에서 고성능 Ni-GDC 연료극 
구조를 설계하려면 전기 화학적 성능에 대한 나노 구조 효과를 
이해해야한다. 증착 챔버 압력, 타겟 과 기판 거리 및 기판 회전 속도와 
같은 다양한 증착 파라미터가 양극 두께, 다공도 및 칼럼 구조에 미치는 
영향에 대해 연구되었다. 실험 결과는 연료극 나노 구조의 이러한 
물리적 특성이 박막 고체산화물 연료전지의 전기 화학적 성능을 
결정하는 데 중요한 요소라는 것을 보여 주었다. 
 
AAO위에 공동 스퍼터링에 의해 제조 된 열 촉매 개질 층은 
물질 조성과 다공도에 의해 성능이 결정된다. 공동 스퍼터링에 의해 
제조 된 Ru-GDC의 조성은 나노 구조의 다공도와 상관 관계가 있다는 
것이 주목 할만하다. Ru 및 GDC의 증착 속도의 큰 차이 (90 % 초과)는 
조성 변화에 따른 다공도 변화에 기인 할 수 있다. 그러나 이런 물질의 
증착률이 나노구조형성에 미치는 영향의 원리는 본 논문의 주제 범위에 
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속하지 않는다. Ru 3 vol%의 조성비를 가진 Ru-GDC 나노 구조를 활용해 
500℃에서 성공적인 개질 성능을 나타냈다. 구조 분석에 따르면 Ru-
GDC의 나노 크기 입자 구조가 Ru 함량이 매우 낮음에도 볼구하고 직접 
메탄 작업을 가능하게 한 것으로 나타났다. 
 
고성능 Ni-GDC 연료극과 Ru-GDC 나노 구조 개질 층 (NRL)의 
통합은 건조한 메탄 (3 % H2O)을 이용해 500 ℃의 저온에서도 상당한 
전력 밀도를 생성하는 박막 고체산화물연료전지를 개발했다. 또한, 
12시간이 넘는 작동 시간은 문헌에 보고된 AAO기반의 박막 고체산화물 
연료전지의 어떤 성능보다 높게 측정되었다. 비록 연료전지가 시간당 
4.9 % 열화율을 보였지만, 이는 백금 (Pt) 기반 공기극에 의한 열화에 
의한 것으로 보인다. 나노구조분석을 통해 Ni-GDC 연료극에서 탄소 
흡착은 확인되지 않았으며, 이는 탄소 흡착이 분해에 주된 기여가 
아님을 나타냈다. 
 
주요어: 저온 고체산화물 연료전지, 직접 메탄, 공동 스퍼터링, 니켈(Ni)-
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Nanostructured Ni-Gd doped Ceria Anode by Co-
Sputtering for a Direct Methane Solid Oxide Fuel 
Cells operated under 500 ℃ 
 
 
Solid oxide fuel cells (SOFCs) are promising energy conversion device 
converting chemical energy to electric energy with excellent fuel flexibility, high 
efficiency, and low pollutant. For the commercialization of SOFC, several 
breakthroughs should be achieved in structure and fuel sections. For example, in 
terms of structure, electrolyte thickness should be thin enough to reduce the 
operating temperature down to below 600℃. In these operating temperature region, 
SOFC technology issues such as high degradation rate, the use of expensive 
materials, and slow start-up time can be resolved. In addition, in terms of fuel, direct 
use of hydrocarbon fuel (methane, butane, propane, etc.) to low-temperature SOFCs 
could eliminate the problem of hydrogen storage and large system size due to 
external reformer. However, thin-film deposition techniques for fabricating 
electrolyte is highly dependent on deposition conditions and surface structure of the 
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substrate. Detailed studies on the correlation between sputtering structure and 
deposition parameters are essential for commercially applying thin-film deposition 
techniques for fabricating electrolyte and electrode. In addition, at low operating 
temperatures, direct electrochemical oxidation and reforming of hydrocarbon fuel 
are extremely sluggish. Therefore, a highly active thermal catalyst structure at low 
operating temperatures should be designed and studied. 
 
Due to the nano-sized grain structure of the thin-film layer deposited by 
sputtering, other than reducing the thickness of electrolyte, sputtering for thin-film 
fabrication could be utilized for designing highly active electrode. Furthermore, 
since the requirement for a highly active thermally catalytic reforming layer is 
providing high density of triple-phase boundary (TPB), co-sputtering for fabricating 
reforming layer could satisfy the requirement for low-temperature direct 
hydrocarbon SOFCs. In this study, co-sputtering technique was applied to fabricate 
high-performance nanostructured Ni-GDC anode and Ru-GDC reforming layer for 
the development of direct methane SOFCs operated under 500℃.  
 
Anodic aluminum oxide (AAO) has been used as a substrate for thin-film SOFC 
(TF-SOFC) fabricated by sputtering due to a uniform nano-hole array, high thermo-
vi 
 
mechanical stability, and scalability. Due to electrically non-conductive 
characteristics of AAO, electrochemical performance is greatly affected by anode 
nanostructure on AAO. Typical current collecting resistance in anode supported 
SOFC is negligible to the ohmic resistance of SOFC. In AAO supported TF-SOFC, 
however, the electron pathway is in-plane direction of nanostructured anode, which 
results in substantial loss in electron current collecting. Therefore, understanding the 
nanostructure effect on electrochemical performance is necessary to design high-
performance Ni-GDC anode structure on AAO. Various deposition parameters such 
as deposition chamber pressure, target to substrate distance (TSD), and substrate 
rotation speed were studied for anode thickness, porosity, and column structure. 
Experimental results showed that these physical properties of the anode 
nanostructure are critical factors for determining the electrochemical performance of 
TF-SOFC.  
 
Thermally catalytic reforming layer fabricated by co-sputtering on AAO 
depends on composition and porosity. It is noteworthy that the composition of Ru-
GDC fabricated by co-sputtering is correlated with the porosity of the nanostructure. 
It is possible that large difference in deposition rate of Ru and GDC (over 90%) could 
be attributed to porosity change with composition change. However, a detailed 
vii 
 
mechanism is not in this thesis boundary. Nevertheless, Ru 3 volumetric percent 
showed successful reforming performance at 500℃. The structure analysis indicated 
that the nano-sized grain structure of Ru-GDC enables the direct methane operation 
with extremely low contents of Ru. 
 
The integration of high-performance Ni-GDC anode and Ru-GDC 
nanostructured reforming layer (NRL) could produce substantial power density at 
500℃ with nearly dry methane (3% H2O). Furthermore, operation time is extended 
to over 12 hours, which is longer than any other experimental data reported in the 
literature. Although the cell showed 4.9% per hour degradation rate, the platinum (Pt) 
based cathode is largely attributed to the degradation. Post analysis showed that 
carbon coking on Ni-GDC anode is negligible, which indicates that the carbon 
coking is not the main contribution to degradation. 
 
Keyword: low-temperature solid oxide fuel cell, direct methane, co-sputtering, 
nickel-gadolinium doped ceria (Ni-GDC), ruthenium-gadolinium doped ceria (Ru-
GDC) 
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Chapter 1. Introduction 
1.1. Fuel Cell Fundamentals 
 
A fuel cell is an energy conversion device capable of converting chemical 
species energy to electric energy with high efficiency [1]. The principle of fuel cell 
operation is similar to battery system. Reactant chemical species are 
electrochemically oxidized and reduced at anode and cathode, respectively. 
Electrons produced by electrochemical reaction at electrodes is released to external 
circuit, and active charge carrier is conducted through electrolyte. The difference 
between the battery and fuel cell systems is the fuel source. Unlike battery, fuel for 
the fuel cell is supplied from the external source. Therefore, a fuel cell does not need 
recharging. With well-designed fuel storage, fuel cells can operate much longer than 
battery systems at the same weight condition [2,3]. 
 
There are various types of fuel cell depending on the chemical properties of the 
electrolyte. Polymer exchange membrane fuel cell (PEMFC) uses electrolyte 
fabricated by polymer materials conducting proton through the electrolyte. Solid 
oxide fuel cells (SOFCs) use solid oxide electrolyte for oxygen ion-conducting. 
Among many fuel cell type, PEMFC and SOFC are the most advanced fuel cell types 
close to the commercialization[4,5]. However, there are still critical issues for 
ensuring economic feasibility. 
 
The fuel cell consists of three mechanical parts: anode, electrolyte, and cathode. 
Anode and cathode are porous structures so that gaseous fuel passes through the 
structure. To be electrochemically active, electron conductive solid phase, ionic 
conducting solid phase, and gas species should be contacted at one boundary, which 
is called triple-phase boundary (TPB)[6–8]. The electrochemical reactions such as 
 
 2 
oxygen reduction or hydrogen oxidation reactions occur in the presence of TPB. 
Designing the electrode with high density of TPB is important to reduce overall 
activation loss in fuel cells. On the other hand, the electrolyte structure should be 
dense enough to block electron. Depending on the electrolyte material and structure, 




Figure1.1 Demonstration of solid oxide fuel cells working principle. 
 
 
In the thermodynamic perspective, the maximum energy potential that can be 
exploited from the electrochemical reactions is theoretically expected by calculating 
a change in Gibbs free energy of chemical species. The change in the Gibbs free 
energy change is directly related to electrical work (E).  
∆𝑔𝑔�𝑓𝑓 =  −𝑛𝑛 ∙ 𝐹𝐹 ∙ 𝐸𝐸 
n represents the number of electrons involved in the reaction. F is Faraday’s constant. 
The reversible voltage under standard conditions can be denoted as Eo. 
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However, fuel cells operated under non-standard conditions. Nernst equation 
accounts for concentration effect on reversible voltage and written by: 







T is temperature. R is gas constant. a is the activity of the gas (for ideal gas, ai=pi/po, 
pi is the partial pressure, po is the standard pressure). 
 
As fuel cells operate, the ideal voltage can not be sustained due to the various 





Figure1.2 Schematic of fuel cell i-V curve and three major losses that affect ideal 




The actual voltage of the fuel cell is affected by three major losses: activation loss 
(ηact), ohmic loss(ηohm), and mass transport loss (ηmass). The real voltage is written 
by:  
V = E −  𝜂𝜂𝑟𝑟𝑝𝑝𝑝𝑝 − 𝜂𝜂𝑜𝑜ℎ𝑚𝑚 − 𝜂𝜂𝑚𝑚𝑟𝑟𝑝𝑝𝑝𝑝 
 
Activation loss is caused by an activation energy barrier from the charge transfer of 
the electrochemical reaction. Typically, activation loss is dominating at low current 
region, which is in low over-potential region. The reason for this is because of the 
activation barrier in reaction kinetics affected by the magnitude of the over-potential. 
Butler-Volmer equation explains how voltage loss is related to the current produced 
by the electrochemical reaction in fuel cell and written as: 










𝑅𝑅𝑅𝑅  ) 
j is the current density of fuel cells. 𝐶𝐶𝑅𝑅∗  and 𝐶𝐶𝑃𝑃∗ represent actual concentration at 
the electrode. 𝑗𝑗𝑜𝑜𝑜𝑜 is an exchange current density at standard condition (reference 
concentration : 𝐶𝐶𝑅𝑅𝑜𝑜 𝑎𝑎𝑛𝑛𝑎𝑎 𝐶𝐶𝑃𝑃𝑜𝑜). α is called a transfer coefficient. η represents over-
potential in fuel cell operation.  
 
Ohmic loss is originated from charge transport through the electronic path and 
ionic path. In most cases, electron conduction resistance is negligible compared to 
ionic conduction. The charge transport resistance follows ohmic’s law and can be 
written as:  
V = i �
L
Aσ
� = 𝑖𝑖𝑅𝑅 
L represents the thickness of the electrolyte, length of the ionic conduction path. And 
A means the area for ionic conduction. σ is the ionic conductivity of the electrolyte. 
 
Last, mass transport loss is caused by depletion of reactant at reaction sites. 
As the reaction rate increases consuming rate of the reactants at the electrode should 
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increase. When reactant gas diffusion rate is lower than reaction rate, the current can 
not be further increased. The relationship between limiting current density (jL) and 





Deff is the effective diffusivity of the reactant gas in the electrode layer. δ is the 
diffusion layer thickness. This concentration phenomenon affects the Nernst voltage 








Typically, mass transport is considered as a critical factor for PEMFC system due to 
the need for water management. Channel design is one of the key aspects for 
achieving high performance of PEMFC. However, in SOFC system, due to high 




1.2. Solid Oxide Fuel Cells 
 
 
Oxygen ion conduction through the solid electrolyte is dominated by the hoping 
mechanism, which is sluggish at low-temperatures (under 600℃). For this reason, 
operating temperature of conventional SOFCs is in the range between 800 and 
1000℃. The unduly high operating temperature (800-1000℃) of conventional 
SOFCs induces several critical issues such as limited material selection, severe 
degradation of the cell, and high cost of balance of plant (BOP)[9–11]. For resolving 
these issues, many research has been focusing on reducing the operating temperature 
of SOFCs. Major losses of SOFC can be categorized into three parts: activation loss, 
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ohmic loss, and mass transport loss. Since gas diffusivity at high temperature is 
sufficiently high, the mass transport loss is typically negligible for SOFCs[12]. 
Therefore, reducing the activation and ohmic losses is important to achieve high 
performance of SOFCs at low temperatures. 
 
 
1.3. Thin-film Solid Oxide Fuel Cells 
 
 
Thin-film SOFCs (TF-SOFCs) are now one category of SOFCs research field. 
TF-SOFCs has been drawn significant attention for a decade due to the superior 
performance enhancement at low operating temperatures [13–16]. As mentioned 
above, reducing the ohmic and activation resistances is the key factor for SOFCs to 
be operated at the low-temperature region (under 600℃). Thin-film electrolyte 
thickness ranging from a few nanometers to micrometer is known to be suitable for 
lowering ohmic resistance with short ionic conduction path. From the equation 
related to charge transport resistance, it is clear that electrolyte thickness is 
proportional to ohmic resistance. Other than reducing the thickness of the electrolyte, 
thin-film structure has superior characteristics in fabricating the high density of TPB. 
The thin-film structure typically constitutes of the nano-sized grain structure, which 
is much smaller than conventional SOFC structure fabricated by chemical sintering 










Figure 1.3. Comparative schematics of thin-film SOFC and conventional SOFC. 
 
 
As the grain size of the electrode reduces, the effective surface area of the electrode, 
which is potential TPB density for electrochemical reaction, increases. This 
phenomenon is confirmed from the experimental data reported in the literature. 
Figure 1.4 represents the working temperature of SOFCs as a function of electrolyte 
thickness. Black points indicating the reported experimental data of thin-film 
electrolyte (electrolyte deposited by thin-film deposition techniques: physical or 
chemical vapor deposition) are clearly located in the low operating temperature 
compared to the SOFCs with conventional electrolyte (electrolyte fabricated by 




Figure 1.4 Literature experimental data of the working temperature of SOFCs varied 
with electrolyte thickness. Red: electrolyte fabricated by a conventional process 
including high-temperature sintering. Black: electrolyte deposited by thin-film 
deposition techniques including physical or chemical vapor deposition. 
 
Figure 1.5 Literature experimental data of power density of SOFCs varied with 
temperature ranging from 350 to 800℃. Red points represent SOFCs with a thin-
film electrode fabricated by physical or chemical vapor deposition). Black points 
represent SOFCs with conventional electrode fabricated by a sintering process. 
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Figure 1.5 also confirms that SOFCs with thin-film electrode design clearly show 
high performance in low-temperature regions. Statistic information from the 
literature indicates that using a thin-film deposition technique for electrode 
fabrication is beneficial for achieving high performance at low temperatures. 
 
 
1.3.1 Thin-film Deposition Techniques 
 
 
Various kinds of thin-film deposition techniques have been used for the 
fabrication of SOFC components. Magnetron sputtering, pulsed laser deposition 
(PLD), and thermal evaporation, which are physical vapor deposition (PVD), have 
been demonstrated as deposition methods for nanostructure fabrication[16]. 
Chemical vapor deposition (CVD) and atomic layer deposition (ALD) are also 
extensively used for ultrathin electrolyte and nano-thin surface coating for a 
nanostructured electrode. Among those techniques, magnetron sputtering has shown 
superior properties for nanostructure fabrication due to easy control of porosity and 
nanoscale thickness control[61]. Furthermore, it is already proved that sputtering is 
commercially viable because of uniform deposition for large area and variety of 
material selection. The principle of the sputtering is simple. As the large electric 
potential difference is applied between the target and substrate, a plasma is created 
by ionizing the sputtering gas species around target materials. Simultaneously, 
positively charged ionized gas species is dragged into the target surface. The 
bombardment of the gas species takes off the target material at atomic scale. Ejected 
atoms from the target flow directly to the substrate. The nucleation and accumulation 
of the ejected atoms from the target materials result in formation of the nano-sized 





Figure 1.6 Schematic of the sputtering system. 
 
 
Sputtering has a number of features for controlling the nanostructure of the 
deposited film. The most dominant and controllable variables for sputtering are 
sputtering gas species, chamber pressure, target to substrate distance (TSD), 
sputtering incident angle, and substrate rotation speed. These variables are sensitive 
for determining the characteristics of the nanostructure such as porosity and column 
structure. Other than these variables, sputtering power, substrate temperature, and 
bias voltage can affect the crystallinity and the chemical composition of the 
deposited film[64]. 
 
Thin-film electrolyte fabricated by sputtering has been widely used to reduce 
the ohmic resistance of SOFC. Meanwhile, nanostructured anode fabricated by 
sputtering is also promising structure for high performance at low operating 
temperature due to the high density of triple-phase boundary (TPB) stemmed from 
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nano-sized grain structure of sputtering layer[65]. However, nanostructure fabricated 
by sputtering is highly dependent on deposition parameters and substrate structure 
conditions. To achieve high performance of TF-SOFC fabricated by sputtering, 
detailed studies on nanostructured sputtering anode affected by deposition 
parameters are essential. Therefore, various electrode materials such as nickel-
gadolinium doped ceria (Ni-GDC) should be studied with various deposition 
conditions of co-sputtering on the nanoporous substrate. 
 
 
1.3.2 Types of Thin-film Solid Oxide Fuel Cells 
 
 
Electrode and electrolyte deposited by the thin-film technique require support 
(substrate) to be mechanically sustained at nanoscale level. In addition, thin-film 
structure is highly dependent on surface structure of the support. Therefore, 
considering the type of substrate for thin-film deposition is the important step for 
fabricating TF-SOFCs. Type of TF-SOFCs can be categorized into 4: silicon-based 
freestanding structure, anodic aluminum oxide (AAO) supported structure, anode 
pellet supported structure, and porous metallic substrate. Si wafer is used as a support 
for thin-film structure with the lithography etching process. This structure is 
frequently called as free-standing TF-SOFC due to the characteristic of electrolyte 
structure. After electrolyte deposition on si wafer, the wafer is etched from the 
backside to the electrolyte by lithography. Consequently, the electrolyte is sustained 
by itself without any supporting mechanical structure. For this reason, this type of 




Figure 1.7 Schematic illustration of types of thin-film solid oxide fuel cells 
depending on substrates. 
 
Furthermore, the active area is limited by a few hundred micrometers due to the 
structure stability problem. Despite the recent progress in thermo-mechanical 
stability of si wafer SOFC, the scalability and stability of the cell still need to be 
much more enhanced[52,66,67].  
 
Anodic aluminum oxide (AAO) has been considered as promising support 
for thin-film fabrication due to high thermos-mechanical stability and scalability. 
Uniform nanohole array is formed throughout the substrate. This nano-hole has no 
tortuosity, which is advantageous for fuel delivery. However, pinhole formation in 
the electrolyte causes severe performance drop and unstable open circuit voltage 
issues. Although the pinhole issues are partially resolved by applying hybrid 




Figure 1.8 Literature data for the peak power density of TF-SOFC depending on 
types of support. 
 
 
electrolyte layer, still the peak power density of the cell needs to be enhanced[68,69]. 
Recently, there is an attempt to apply thin-film fabrication of the anode functional 
layer or electrolyte to anode pellet and metallic support. However, due to the large 
pore structure (larger than a few micrometers) and high roughness of the surface 
structure, physical vapor deposition (PVD) or chemical vapor deposition (CVD) is 
difficult to be applied to electrode or electrolyte fabrication. Only a few reports have 
succeeded in developing the process for thin-film deposition on anode pellet or 
metallic substrate[70,71]. For this reason, high power density of Si wafer and AAO 






1.4 Hydrocarbon Solid Oxide Fuel Cells 
 
 
    One of the advantages of SOFCs is remarkable fuel flexibility with various 
utilization methods such as direct electrochemical oxidation, internal steam 
reforming, and partial oxidation. Direct use of hydrocarbon fuel can benefit to 
system level. Since external reformer is unnecessary for direct hydrocarbon fuel 
SOFCs, the system size and complexity are substantially reduced[72–75]. There are 
various kinds of hydrocarbon fuel such as methane, butane, and propane. In case of 
use of methane for direct SOFCs, it can be a promising energy source since supplying 
and storage infrastructure for a major component of the natural gas (over 90% of 
natural gas is methane) is already existing[76]. It could eliminate the issues of 
hydrogen storage, which means a large progress in the commercialization of SOFCs 
to the market. However, significant efforts have to be dedicated to resolving the 
technical issues for using methane as a fuel for low-temperature SOFCs. 
 
   Among various utilization methods for methane, direct internal steam reforming 
is considered as a promising method for use of methane as a fuel with minimum fuel 
dilution. Since direct electrochemical oxidation of methane is extremely sluggish at 
low-temperature, catalytic reforming of methane to carbon monoxide and hydrogen 
is necessary for generating electric potential[77–79]. Various reactions can happen 
in steam reforming reactions, and the possible reactions are written below: 
 
Steam Reforming: C𝐻𝐻4 + 𝐻𝐻2𝑂𝑂 → CO + 3𝐻𝐻2     ∆𝐻𝐻 = +206 𝑘𝑘𝑘𝑘𝑚𝑚𝑚𝑚𝑙𝑙−1 




In terms of kinetic, hydrogen and carbon monoxide oxidation reaction is much faster 
than direct oxidation of methane. Therefore, the electrochemical performance of the 
cell with reformed gas fuel could be higher than that without the reforming process.  
 
The key point of structure design for direct methane SOFCs is that thermally 
catalytic reforming structure should be located with SOFCs anode structure[80]. 
When methane fuel is supplied to the anode of SOFCs, without the need of an 
external reformer, the fuel should be pass through the reforming structure before 
reaching to TPB at anode side. As mentioned above, without the reforming process, 
electrochemical performance of low-temperature SOFCs for direct use of methane 
is significantly reduced. Furthermore, to design direct methane SOFCs structure with 
high efficiency at low-temperature, steam to carbon ratio (S/C ratio) should be low 
enough to exclude water management system and minimize fuel dilution. However, 
a technical breakthrough for nanostructure fabrication is essential for satisfying these 
structural and operational conditions. 
 
    Thermally catalytic steam reforming process of methane is not energetically 
favored at low operating temperatures (under 500℃). Furthermore, at low S/C ratio 
operating conditions, thermodynamic calculation shows that carbon coking likely 
happens at the anode side[81]. It has been reported in the literature about the cell 
failure due to the massive carbon coking in the anode. To resolve the carbon coking 
issue and low activity for steam reforming reaction at low-temperature, the activity 
of the reforming structure should be dramatically enhanced by designing 
nanostructure with a high density of reaction area. Metallic nanoparticle should well 
disperse in the ceria oxide support for formation of high catalytic activity. Uniform 
dispersion with the nano-sized grain structure could be fabricated by the co-
sputtering system because of the deposition characteristic of the sputtering principle. 
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Chapter 2. Background 
2.1 Literature Review of AAO supported SOFC  
 
 
    As mentioned in the previous chapter, the AAO substrate has shown a promising 
characteristic for fabricating thin-film SOFCs due to uniform nano-hole array and 
scalability. Previous research has focused on the issues related to pinhole formation 
in the electrolyte during the deposition process. The hybrid deposition method 
combining sputtering and ALD for electrolyte fabrication is suggested for alleviating 
the pinhole issue[69]. Development of ALD electrolyte enables open-circuit voltage 
of AAO-supported TF-SOFC is close to theoretical value at operating temperature 
even with extremely thin electrolyte layer. Sanghoon Ji et al. reported that 70nm 
thickness of plasma-enhanced ALD yttria-stabilized zirconia (YSZ) electrolyte 
shows 1.17V at 500℃[57]. Furthermore, Seongkook Oh et al. reported that 
electrolyte deposited by using the hybrid deposition method (ALD YSZ and 
sputtering samarium-doped ceria (SDC)) shows over 500mW/cm2, which is the 
highest performance of AAO-supported TF-SOFC at 450℃[82]. Although the 
significant progress in electrolyte fabrication process, most of the high performing 
AAO-supported TF-SOFCs still use platinum (Pt)-based anode and cathode. Despite 
the development of perovskite structure of the oxide cathode, which is considered as 
a promising candidate for low-temperature cathode materials, catalytic performance 
of Pt is superior to any other material for operation under 500℃[83]. However, in 
terms of anode materials, using Pt-based electrode for anode structure is unusual case 
even for the conventional SOFCs structure. Many research about SOFCs structure 
fabricated by sintering process (pelletizing, tape casting, screen printing, spray 
pyrolysis, etc.) uses Ni-based cermet materials for the anode fabrication because of 
comparable performance of the anode materials to Pt-based materials and feasibility 
for the commercialization. Nevertheless, the utilization of Ni-based anode structure 
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for AAO-based SOFCs has been rarely reported. The main reason for that is because 
of the lack of understanding co-sputtering of Ni-based anode on nanoporous 
substrate. Not only control of co-sputtered nanostructure but also the thermal effect 
on nanostructure. In addition, since AAO is electrically non-conductive, current 
collecting path is through the nanoscale thickness of the anode, which causes unduly 
high resistance contributed to the ohmic resistance of the full cell. Current collection 
through in-plane direction of the nanoporous electrode could also cause formation 
of the dead zone, which is defined as TPB without current connection. We believe 
that the lack of understanding in this unique structure effect on the cell performance 
is the major reason for the low power density of Ni-based AAO supported SOFCs at 
low-temperature considering the nanoscale electrolyte thickness.  
 
   To emphasize the strengths of the SOFCs, utilization of hydrocarbon fuel is 
necessary. Pt is extremely vulnerable to carbon contamination. Without the 
optimized Ni-based or other material-based anode structure, hydrocarbon fuel can 
not be used for SOFCs. Although nano-sized grain structure is advantageous for 
reforming or electrochemical oxidation processes, study on the use of hydrocarbon 
on AAO supported SOFCs at a temperature under 500℃ has not been reported. 
 
 
2.2 Thesis Outlines 
 
 
     This thesis focuses on two main topics: one is understanding and development 
of high performing nanostructured Ni-gadolinium doped ceria (GDC) anode 
fabricated by co-sputtering process. Two is the characterization and development of 
highly active catalytic reforming nanostructure fabricated by co-sputtering on the 
AAO substrate. The research is presented in 4 chapters (from chapter 3 to 6). The 
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detailed contribution and summarization is described below: 
 
 Chapter 3 describes the effect of nanostructured Ni-GDC anode fabricated 
by co-sputtering on electrochemical performance. As mentioned in the 
previous chapter, the electrochemical performance of TF-SOFC on AAO 
substrate is greatly affected by the anode nanostructure. The nanostructure 
of Ni-GDC deposited by co-sputtering can be controlled by the various 
parameters of sputtering system. Among those parameters, the major 
parameters: chamber pressure, thickness of the anode (deposition time), 
incident angle, which are expected to have a profound effect for the 
nanostructure, are controlled and comparatively characterized. 
 
 Chapter 4 elaborates the thermal stability of Ni-GDC anode deposited by 
co-sputtering. The electrochemical performance of Ni-GDC anode is 
closely related to thermal stability of nanostructure because the operating 
temperature is around 500℃. It is widely known that Ni is vulnerable to 
thermal agglomeration due to the high surface energy and diffusion rate at 
high temperatures. Although the agglomeration tendency depending on Ni 
grain size and composition of Ni-GDC anode is previously studied, 
nanostructure change of AAO supported Ni-GDC anode varied with GDC 
has not been reported. In this chapter, the agglomeration effect on co-
sputtered Ni-GDC anode on AAO was characterized by high-resolution 
field emission microscope (FESEM) and extended time operation. 
 
 Chapter 5 describes the direct methane for co-sputtered Ni-GDC anode 
varied with GDC composition. Due to the nano-sized grain structure of co-
sputtered anode, the catalytic performance for direct oxidation of methane 
and reforming is higher than the conventional structure. The detailed 
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electrochemical properties of methane fueled AAO supported SOFCs is 
demonstrated in the chapter. 
 
 Chapter 6 demonstrates direct methane fueled TF-SOFCs with 
nanostructure Ru-GDC reforming layer. Since the direct electrochemical 
oxidation of methane is not energetically favored at low-temperature, the 
additional reforming structure is essential for achieving high performance. 
Designing the co-sputtering Ru-GDC reforming structure on AAO 
supporting system and electrochemical performance of the integrated TF-





















Chapter 3. Effect of Nanostructured Ni-based 





 Sputtering is known to be advantageous for commercialization due to the 
capability of uniform large area deposition. For industrial sputtering system, 
substrate size can be increased up to a few thousand square centimeters. Furthermore, 
co-sputtering is superior to other deposition methods for mixing two kinds of target 
materials in nanoscale[84]. Since thin-film deposited by sputtering system consists 
of the nano-sized grains, theoretical expectation of TPB density in co-sputtered 
electrode is significantly high. In fact, the performance enhancement with anode 
functional layer deposited by PLD, which is one kind of PVD method, has been 
reported in the literature from KIST[85]. However, most of the work on co-sputtering 
for Ni-based anode on the nanoporous substrate has shown low power density 
compared to the similar compositional structure of SOFCs at similar operating 
temperatures. The major reason for the low performance is possibly due to the unique 
electron conduction path for anode on AAO substrate. AAO is known to be 
electrically non-conductive structure. Therefore, the electron produced from 
electrochemical oxidation of the fuel at the anode side should pass through 
complicated nanoporous structure because the substrate is not conductive. Electron 
conduction resistance is typically not considered as a concern for ohmic loss or 
performance of the cell. As demonstrated in this chapter, however, the in-plane 
connectivity of the nanostructure fabricated by co-sputtering on AAO could be 





Figure 3.1 Schematic drawing of difference in electron conduction path of 
conventional anode supported fuel cell and AAO supported thin-film SOFCs.  
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In this chapter, sputtering parameters are controlled to change the electrochemical 
properties of the anode structure grown on AAO substrate. First, porosity control by 
deposition chamber pressure has been previously studied by Dr. Joonho Park. Joonho 
Park et al. reported that Ni anode deposited with 12 Pa Ar gas showed extensively 
high porosity compared to the deposition with 0.67 Pa[86]. To reduce variables and 
select the deposition condition for high density of TPB, deposition pressure for anode 
structure is fixed to be 8 Pa for all nanostructure fabricated in this chapter. Other 
 
 
Figure 3.2 Schematic of the growth mechanism of the electrode deposited by 




than deposition pressure, anode thickness is also greatly affecting the surface 
porosity of the anode deposited on AAO. Figure 3.2 shows schematic of the growing 
mechanism of co-sputtering anode on AAO. From the schematic, it can be speculated 
that the columnar structure of the sputtered layer is attributed to the decrease in 
surface porosity of the anode. Furthermore, not only the surface porosity is affected 
by the thickness of the anode, but also the in-plane connectivity is influenced by the 
width of the column structure. Confirmation of high TPB density of the anode 
deposited with 8 Pa is firstly processed. Secondly, the thickness effect of the Ni-
GDC anode is tested by changing the thickness from 300 to 1000nm. Finally, the 
nano-column structure of Ni anode is controlled by changing incident angle and 
rotation speed since these two parameters have large impact on the structure change. 
The result of the electrochemical and microscopic analysis shows insight for 







    For thin-film deposition of the electrodes and electrolyte, AAO substrate with 
80nm pore diameter size was used for the support (Inredox, USA). The thickness of 
the substrate is about 100um. The substrate dimension is 1cm by 1cm. For the 
deposition of Ni and GDC for the electrode, a commercial sputtering machine (A-
Tech System Ltd, South Korea) was used with Ni pure metal target (99.99%) and Gd 
20mol% doped ceria target (99.9%). Deposition power control was done by direct 
current (DC) source and radio frequency (RF) source. DC power is controlled from 
50W to 200W for Ni sputtering, and RF power is controlled from 0 to 100W for 
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GDC sputtering. In case of co-sputtering, the two guns were loaded to the sputtering 
chamber with the same incident angle for each target. Chamber pressure is 








Ar gas atmosphere was used, while Ar/O2 mixture atmosphere was used for the 
electrolyte deposition. A thin-film electrolyte is deposited by Y/Zr metal target 
(Y0.16Zr0.84, 99.9%). For reactive sputtering process, chamber atmosphere was 
controlled by Ar/O2 mixture gas with 20% O2. The power is fixed to 200W for YSZ 
electrolyte deposition. For cathode, Pt metal target (99.9%) and Gd 20mol% doped 
ceria target (99.9%) were used to deposit Pt-GDC cathode. The deposition power is 
set to be 100W for Pt and 50W for GDC target. The chamber pressure is also fixed 
to 12 Pa and applied to every cell fabricated in this thesis. 
 
    Thin-film electrolyte and cathode deposition was patterned by physical mask. 
Considering the substrate dimension, a stainless steel mask with 8mm by 8mm 
opening was used to deposit the electrolyte. Anode exposed to the air was covered 
with Ag paste for electrical connection between the anode and the jig. Cathode mask 




Figure 3.4 Schematic and actual image of a customized test station with TF-SOFCs 





    Thin-film nanostructure was characterized by field emission scanning electron 
microscope (FESEM) and focused ion beam (FIB) analysis. Magnification of 
FESEM was varied from 10 to 20000. In addition, the electrochemical performances 
of the cells were measured by Gamry (Reference 600, Gamry Instrument, USA). TF-
SOFCs was attached to the stainless steel jig with Ag paste for electrical connection 
between the jig and the anode on AAO. After drying process of Ag paste, ceramic 
sealant was applied on top of dried Ag paste for sealing. TF-SOFCs attached to the 
jig was dried at ambient air for 4 hours before the testing. The cell was tested in the 
customized test station consisted of halogen heater. The ramping rate of the 
temperature was set to be 8℃ per minute. The temperature of the test station was 
heated up to 100℃ and stayed there for 40min, and sequentially heated up to 500℃ 
for cell operation. After the temperature of the test station reached the operating 
temperature, the cathode was contacted with the customized probing tip controlled 
by X-Y-Z station.   
 
3.3 Results and Discussion 
3.3.1 Determination of Deposition Pressure for High Performing 




To verify the porosity effect on Ni-GDC anode deposited by co-sputtering, 
co-sputtered Ni-GDC was fabricated with 4 Pa and 8 Pa. The surface porosity and 
the cross-sectional image of the Ni-GDC with 4 Pa and 8 Pa were comparatively 
shown in figure 3.5. From the surface FESEM images, it is clear that co-sputtered 
Ni-GDC anode deposited with 8 Pa shows higher porosity. However, even though 
the grain structure and porosity of the surfaces are different from the nanostructure 
analysis depending on the chamber pressure, actual electrochemical performance 
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should be compared by electrochemical impedance spectroscopy (EIS) analysis. In 
terms of interpretation of EIS graph, the value at the intersection between the graph 
and the real X-axis at high-frequency region means the ohmic resistance[87]. In 
addition, it is widely known that the ohmic resistance caused by ion and electron 
transports is independent of measuring voltage of the cell while the polarization 
resistance is dependent on the voltage. The size of arc presented in the Nyquist plot 
is relevant to anode-electrolyte and cathode-electrolyte polarization. Regarding these 
knowledge, EIS results of Ni-GDC anode varied with deposition pressure indicate 





Figure 3.5 (a) Nanostructure change in surface and cross-sectional view varied with 
deposition pressure (4Pa, 8Pa). (b) Effect of porosity of Ni-GDC varied with 4 and 
8 Pa on electrochemical performance measured by EIS. 
 
 
compared to the one deposited with 4 Pa. Higher chamber pressure (12 Pa) was also 
suitable condition for fabricating nanostructured anode with high activity confirmed 
from the EIS graph in figure 3.5 (c). However, the enhancement in polarization 
resistance was negligible considering 0.8V of measuring voltage for EIS analysis. 
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Electrolyte and cathode deposition condition was the same for all samples. Therefore, 
it can be concluded that the difference in polarization resistance of the EIS results is 
attributed to the difference in anode nanostructure. From these results, we believe 
that 8 Pa of chamber pressure for highly active Ni-GDC nanostructure is enough to 
produce high power density at low-temperature. This chamber pressure was used for 
all other parameter experiments throughout this thesis.  
 
 
3.3.2 Thickness Effect of Co-sputtered Ni-GDC Anode 
 
 
       Due to the material characteristic of AAO, as previously mentioned, anode 
thickness of Ni-GDC on AAO should be prominent factor for determining the 
performance of TF-SOFCs. For an accurate comparison, except for thickness of the 
anode, composition, electrolyte thickness, and cathode structure were maintained at 
same condition. GDC contents in the anode were set to be 12.8%, which was 
controlled by the deposition power of the GDC target (50W). The thickness control 
of Ni-GDC anode was confirmed from the cross-sectional FIB-SEM images. The 
thickness was controlled by the deposition time. Current density (j) –voltage (V) -
power density (P) curves (polarization curves) were measured for different anode 
thickness samples. It is noteworthy that the peak power density was increased as the 




Figure 3.6 (a) Nanostructure surface FESEM and cross-sectional FIB-SEM images 
of the co-sputtered Ni-GDC anodes with 12.8% GDC content. The anode structure 
was varied with the thickness from 300 to 1000nm. (b) Current density (j)-voltage 





increased over 1000nm, the performance of TF-SOFCs steeply dropped over 50% 
from the peak power density of 800nm anode. Detailed contribution to performance 
difference was analyzed by EIS measurements. Figure 3.7 describes that the 
performance difference between 300, 500, and 800nm anode structure was attributed 
to both polarization and ohmic resistance. However, in the range of anode thickness 





Figure 3.7 EIS results of TF-SOFC with Ni-GDC anode thickness 300, 500, and 







substantially higher than that in polarization resistance (15% reduction). More 
importantly, anode thickness with 1000nm showed an abrupt increase in polarization 
resistance compared to 800nm sample, while the ohmic resistance of 1000nm sample 
was slightly decreased (about 7%). These results indicated that active TPB density 
of 1000nm sample was decreased significantly. From the nanostructure analysis, it 
can be speculated that polarization resistance of 1000nm sample was increased due 
to decrease in surface porosity. As the in-plane connectivity was improved with the 
thickness increase, density of active reaction sites was also increased, which was 
consistent with a decreasing tendency of ohmic and polarization resistances. The 
comparison result of bode plot was also consistent with the speculation. In the 
frequency range between 104 to 102 Hz, phase angle of 1000nm sample was clearly 
higher than that of 800nm sample, which represents surface exchange reaction rate 
was the major contribution for the difference in polarization resistance. From these 
results, 800nm thickness of co-sputtered Ni-GDC anode showed the best 






Figure 3.8 EIS and bode plots of Ni-GDC anode thickness varied with 800 and 







Figure 3.9 EIS equivalent circuit fitting results varied with anode thickness. 
 
 
Table 3.1 Area-specific resistance of ohmic and polarization for Ni-GDC anode 
varied with thickness. 
 
3.3.3 Nano-Column affected by Sputtering Angle & Rotation Speed 
 
      From the experimental results for anode thickness change, it can be 
speculated that in-plan connectivity of the nanoporous anode structure can be the 
most profound factor for determining the peak power density of TF-SOFCs. At this 
point, it is essential to consider how the electrical network is connected in side of the 
nanoporous anode structure on AAO substrate. In figure 3.10, surface structure of 
bare AAO, 250nm thickness of Ni anode, and 800nm thickness of Ni anode are 
shown. As the Ni is grown on the nanoporous substrate, the electrical connection 
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should be formed through the yellow line drawn in figure 3.10. At the early stage of 
the nanoporous thin-film formation, the film morphology follows the substrate 
surface shape. As the film has grown over 800nm thickness, the size of the pore is 
reduced and a few columns are combined into one large column structure. It is 
notable that the electron produced from the anode-electrolyte interface has no way 
to go in-plane direction if the TPB is formed at the surface of Ni anode. The electron 
produced from electrochemical oxidation should be transferred to in-plane direction 
through the weakly connected Ni grains. Although closely packed Ni grains structure 
has multiple connections in nanoscale, it can be assumed that the change in the 
overall in-plane resistance highly depends on the shape of the nano-column. From 
this assumption, the width of the Ni nano-column was controlled by changing the 
sputtering incident angle and substrate rotation speed. In addition, the in-plane 
resistance of the Ni anode on AAO was measured by four-point probes. 
Consequently, electrochemical performances were measured and compared. 
 
 
Figure 3.10 Surface nanostructure of bare AAO, 250nm and 800nm thickness of Ni 
anodes. Schematic illustration of an electron transfer path from TPB. The overall in-
plane resistance consisted of multiple nanoscale connections of resistances is 




Figure 3.11 Schematic illustration of Ni anode fabrication varied with deposition 
angle: 75 and 45 degrees. Sample number 1 was deposited with 75 degrees. Sample 
number 2 was deposited with 45 degrees at rotation speed of 1.4 rpm. Rotation speed 
was controlled at 1.4, 6, and 10.6 rpm for sample numbers 2, 3, 4. A schematic 
illustrated in the right side comparatively shows the column structure affected by 
low angle deposition. 
 
   Four kinds of Ni anode samples were fabricated: Sample 1 was deposited by 75º 
incident angle and rotation speed 1.4 rpm (ROT1). Sample 2, 3, and 4 was deposited 
by 45º and variation of rotation speed 1.4 (ROT1), 6.0 (ROT2), and 10.6 rpm (ROT3), 
respectively. On top of the anode structure, 20mol% GDC and YSZ materials were 
deposited as sandwich structure by O2 reactive sputtering process. To verify the in-
plane resistance of the anode samples 1 and 2, 4-point-probe measurement was used. 
In figure 3. 12, comparison of the in-plane resistances of ROT1 sample with 75º and 
45º was shown. The in-plane resistance of ROT1(75º) sample was higher by a factor 
of three times compared to that of ROT1(45º). Although the value of the resistance 
was low, contribution to the ohmic resistance could be large enough to affect the 
power density. The performance of ROT1(45º) was substantially improved at 450℃. 
EIS results showed that ohmic resistance of ROT1(45º) was reduced by more than 





Figure 3.12 Surface nanostructure and cross-sectional FESEM micrographs of Ni 




Table 3.2 Column width of sample numbers 1, 2, 3, and 4. Sample 1: ROT1(75º). 





the resistances are totally attributed to the anode structure: columnar width. Other 
than these factors, surface porosity, crystallinity of the anode nanostructure, and the 
thickness were controlled to be same. Further investigation on the relationship 
between the nano-column width of the anode and the ohmic resistance was processed 
by controlling substrate rotation speed. As shown in figure 3.13, the peak power 
density of TF-SOFCs was steadily increased as the width of the nano-column 
increases. This tendency is clearly observed in figure 3.13 (c). Resultantly, the peak 
power density of Ni anode based TF-SOFCs was increased up to 304 mW/cm2 at 
450℃. The high peak power density (477 mW/cm2) of Ni-based anode TF-SOFCs 
at 500℃ was obtained by using this Ni anode nanostructure deposited by low angle 
and high rotation speed. This performance of TF-SOFCs was higher than any other 
previous reports related to Ni-based anode AAO supported TF-SOFCs. We believe 
that this improvement, particularly on ohmic resistance, is attributed to the anode 
nanostructure especially related to column width. The control of the nano-column 
width by changing the sputtering parameter is the first attempt and contribution in 




Figure 3.13 Electrochemical performance comparison of ROT1(75º) and ROT1(45º) 
samples. 
 
Figure 3.14 (a) j-V-P curves of sputtered Ni anode varied with rotation speed. (b) 
EIS measurements of ROT1(45º), ROT2(45º), and ROT3(45º) samples. (c) 
Relationship between nano-column width and ohmic resistance of TF-SOFCs. (d) 









Figure 3.15 Schematic and cross-sectional FESEM images of TF-SOFCs. 
 
    Previous experimental results show that the anode nanostructure fabricated by 
sputtering can be delicately controlled, and the deposition parameter that mostly 
affects the performance of TF-SOFCs was found from parametric studies. The final 
process for obtaining high performing nanostructured anode is finding the optimized 
composition for Ni-GDC anode. Pure Ni anode is vulnerable to thermal 
agglomeration, and the TPB formation is limited to the interface between the 
electrolyte and anode. By applying the cermet anode on TF-SOFCs, the performance 
and the stability of the cell could be greatly enhanced. In co-sputtering process, low 
angle (45º) and high rotation speed (10.6 rpm) are equally applied for all samples. 
Therefore, the structural advantage of sputtering anode confirmed from the previous 
experiments is valid for manufacturing co-sputtered Ni-GDC anode. The GDC 
composition in the cermet anode was controlled by changing the deposition power 
for the Ni and GDC targets. The detailed deposition condition for Ni-GDC and GDC 
composition according to the power control is presented in table 3.3. The volume 




Table 3.3 Co-sputtering conditions for nanostructured Ni-GDC anode on AAO. 
 
 
Since the in-plane conductivity of the nanostructured anode on AAO 
substrate has great impact on the performance, GDC composition in the cermet 
anode should affect the performance by blocking the electron conduction path in Ni 
anode. Although ceria tends to be reduced and show partially electrically conductive 
at reducing atmosphere, still the electrical conductivity is much less than metal phase 
such as Ni. Therefore, mixing Ni nanostructure with GDC nano-sized grains could 
reduce electrical conductivity properties. Before, electrochemical performance 
measurement, the surface structures of the Ni-GDC anodes were compared because 
the surface porosity could be attributed to the performance difference. From the 
surface FESEM images, it is confirmed that the difference in surface porosity 
depending on GDC volume fraction of Ni-GDC anode was negligible. Therefore, the 
electrochemical performance difference between the samples should be attributed to 
the electrical and electrochemical properties of the anode. The samples with 12.8 and 
27.7 vol% showed lower electrochemical performance compared to the bare Ni 
anode sample. Considering GDC contents contribute the formation of TPB density 
of the anode, it is hard to understand the decreased power density with higher GDC 
composition. From the EIS results, the performance decrease was mainly because of 
the increase in ohmic resistance. Although polarization resistance also increased with 
GDC contents, increase rate of the ohmic resistances was exceptionally high. A 






Figure 3.16 Surface nanostructure of Ni-GDC anode depending on GDC 




Figure 3.17 Electrochemical performance and EIS results measured at 0.6V of Ni 






GDC anode hinders the electron conduction through the anode. Consequently, 
deactivation of the reaction sites at the anode side was also increased causing the 
increase in polarization resistance. More interestingly, the maximum power density 
was obtained from nanostructured Ni-GDC anode with 3.9 vol% of GDC. Low  
 
 
Figure 3.18 Performance comparison of Ni anode with Ni-GDC anode with low 






loading of GDC on Ni-GDC anode showed the maximum power density of 749 
mW/cm2 at 500℃. The contributions for the performance analyzed from EIS results 
indicated that ohmic resistance of the Ni-GDC 3.9vol% sample (0.32 Ω·cm2) was 
higher than the pure Ni anode (0.2 Ω·cm2). However, the increase rate was much 
intense at polarization resistance. The total area-specific resistance (ASR) of the Ni-
GDC anode with 3.9 vol% showed only 0.43 Ω·cm2 measured at 0.6V. To the best 
of our knowledge, this power density is the highest performance among AAO-based 






Intensive research of the effect of the co-sputtering parameter on 
electrochemical performance of the nanoporous substrate supported TF-SOFCs has 
been presented for low-temperature. The anode nanostructure fabricated on the AAO 
was controlled by changing the various deposition parameters such as chamber 
pressure, deposition power, incident angle, and substrate rotation speed. Although 
the surface porosity and the thickness of the anode on AAO are known to be critical 
factors for determining the performance from the previous reports, it has never been 
confirmed in the co-sputtering system, and the more effective parameters are 
demonstrated from this chapter. 
 
     The early investigation on the effective porosity and the thickness of the co-
sputtered anode are determined as 8 Pa and 800nm. Even though the porosity of the 
film can be more increased if the chamber pressure increase over 8 Pa, 8 Pa was 
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chosen for the all anode samples fabricated in this chapter because of the reasonable 
performance with this condition. The thickness of 800nm was optimum value for Ni-
GDC co-sputtering anode. This value can be adjusted as the pore diameter of the 
substrate is changed. Over 800nm thickness of the anode, the polarization resistance 
was abruptly increased while the ohmic resistance was decreased, which means that 
the TPB density of the anode was decreased by the blockage of the gas diffusion path. 
Notable point found in this study is that the in-plane conductivity of the 
nanostructure deposited on the AAO has a considerable impact on the performance. 
Unlike the typical SOFCs structure, the electron conduction path in AAO supported 
anode is limited to the in-plane direction causing a large number of the deactivated 
zone and the significant ohmic resistance originated from the electron conduction. 
As the nano-column was controlled by rotation speed and incident angle of the co-
sputtering, the peak power density and overall resistances were intensively decreased 
at low-temperature. The 45 degree of incident angle and 10.6 rpm of high-speed 
rotation for Ni-GDC co-sputtering presents the high performance in 450 and 500℃.  
 
    Finally, with the deposition conditions demonstrated for fabricating Ni-GDC 
anode, the composition of Ni-GDC anode beneficial for the performance has been 
presented for low-temperature operation. The excessive contents of GDC composite 
are negatively affecting in terms of ohmic resistance since the oxide materials could 
block the electron conduction path. Only 3.9 vol% of GDC in Ni-GDC anode showed 
the peak power density of 749 mW/cm2 at 500℃, which is the highest performance 








Chapter 4. Thermal Stability of Ni-GDC Anode 




         The high surface energy of Ni causing the severe agglomeration at high 
temperature has always been issue on long term SOFC operation of Ni-based anode. 
In the literature, it has been reported that the grain size of the Ni and GDC changes 
the tendency of the agglomeration[88,89]. In addition, variation in GDC composite 
also greatly affects the structural change during the thermal annealing. From the 
previous chapter, the performance of Ni-GDC anode with high loading of GDC 
composite was lower than expectation. Except the in-plane conductivity, the thermal 
agglomeration effect could be another reason for the performance drop. Based on the 
knowledge of vulnerability of the nano-sized grain structure for the thermal 
agglomeration, it can be assumed that the thermal aggregate of Ni-GDC anode has 
impact on the electrochemical performance even at the very first measurement. To 
verify the thermal agglomeration tendency of nanostructured Ni-GDC deposited by 












     For various compositions of Ni-GDC anode on AAO substrate, Ni metal, and 
20mol% GDC ceramic targets were used to deposit the film. Deposition power for 
Ni target was varied from 200 to 50W and the RF deposition power was controlled 
from 0 to 100W. The GDC composition variation was ranging from 0 to 51.3 vol%. 
Deposition pressure was kept in 8 Pa for fabricating all the samples. In addition, 
incident angle and rotation speed were sustained with 45 degrees and 10.6 rpm.  
 
    For full cell operation test, patterned YSZ electrolyte was deposited for 800nm, 
and the Pt-GDC cathode was fabricated on top of the electrolyte. Test for extended 
time operation was done by two kinds of operation. One was under constant voltage 
of 0.8, and the other one was OCV condition. The electrochemical performance and 
nanostructure was characterized by the same instruments used in the previous chapter. 
 
   The annealing temperature was set to 500℃. The atmosphere of the thermal 
annealing was sustained at reducing conditions by supplying the gas consisted of 80% 
hydrogen and 20% nitrogen. 
 
4.2 Results and Discussion 
 
        The operational characteristic on extended time for TF-SOFCs varied with 
GDC composition on Ni-GDC anode was compared in figure 4.2. Samples were 
named with Ni volume fraction of Ni-GDC anode. The full cell was tested under 





Figure 4.2 Operational characteristic of AAO supported TF-SOFCs with GDC 
composition variation of nanostructured Ni-GDC anode. 
 
operation lifetimes of TF-SOFCs at constant voltage conditions were less than 180 
minutes except for the Ni-GDC anode with 3.9 vol% of GDC (96.1 vol% of Ni). This 
trend is consistent with operation at OCV condition. Other than Ni-GDC with low 
contents of GDC, the lifetime was limited under 3 hours. To investigate the cause of 
the short cell stability of most of AAO supported TF-SOFCs with Ni-GDC anode, 
the structure change due to thermal annealing at reducing atmosphere was 
characterized with GDC composition variation. The degree of the agglomeration was 
intense at pure Ni anode considering the grain size growth. The grain size of as-
deposited pure Ni anode was a few tens of nanometer. After annealing process, the 
grain size of agglomerated Ni anode measured from the high magnification of 
FESEM image was larger than 500nm, which means more than 20 times increase in 
grain size. Due to the severe agglomeration, AAO surface was exposed. Not only 
TPB loss in the anode-electrolyte interface, but also contact between the electrolyte 
and anode could be damaged. The severe structure change affected by thermal 
annealing was also observed for higher loading of GDC (over 12.8 vol %) at Ni-
GDC anode. Although the agglomerated shape of the nanostructure was different, it 
can be speculated that Ni nano-sized grain wad diffused and agglomerated to form 





Figure 4.3 Thermal agglomeration of nanostructure depending on Ni volume fraction 
in Ni-GDC anode (a) 100, (b) 96.1, (c) 87.2, (d) 68.5, (e) 58.4. The samples were 
agglomerated at 500℃ for 3 hours at reducing atmosphere presented in (a-1), (b-1), 





Figure 4.4 Schematic of agglomeration of Ni-GDC on AAO substrate depending on 
GDC composition. Side view of (a) as-deposit Ni-GDC anode, (b) Ni-GDC with 3.9 
vol% of GDC annealed for 3 hours, and (c) Ni-GDC with high loading of GDC 
annealed for 3 hours. The white dot line is drawn to emphasize the agglomerated Ni 
grain. 
 
     The possibility of delamination at anode-electrolyte interface due to the 
agglomeration was examined by side view of the agglomerated Ni-GDC anode on 
AAO substrate. Compared to the as-deposit nanostructure of the Ni-GDC, the 
nanostructure change of the Ni-GDC with 3.9 vol% of GDC was negligible, only 
slightly agglomerated of the surface nano-grain. On the other hand, the Ni-GDC with 
high loading of GDC showed dramatic change in nanostructure. From the side view, 
it is clear that diffusion of Ni nano grain was the major mechanism for the Ni grain 
growth. Without the surface diffusion of Ni, the large grain formed inside of 






Figure 4.5 Crystallinity of as-deposit and annealed Ni-GDC anode measured by x-
ray diffraction (XRD). 
 
 
grains could be blocked by nanoscale GDC grains at a high level of GDC loading. 
Enhanced crystallinity of Ni and GDC phase was also consistent with the 
agglomeration tendency. Since the grain size and density of the structure affect the 
intensity measured from the XRD, severe agglomeration of Ni-GDC nanostructure 












        The agglomeration tendency of Ni-GDC cermet anode fabricated by co-
sputtering has been investigated for the different compositions of GDC in Ni-GDC 
anode. Pure Ni anode is already known to be vulnerable to the thermal agglomeration 
at 500℃. However, it is interesting that the high concentration of GDC (over 10 
vol%) in nanostructured Ni-GDC on AAO support cause even more severe structural 
change possibly causing the cell failure. The small amount of GDC contents in Ni-
GDC anode shows the least agglomerated structure attributed to the thermal 
protection from GDC nano-grains. The detailed mechanism for agglomeration of 
nanostructured Ni-GDC has not been demonstrated in this thesis. Nevertheless, it 
can be assumed from the nanostructure characterization that the high surface energy 
and diffusion rate of a few tens of nanometer grains could be the major reason for 
the Ni agglomeration. As confirmed from the side view of the agglomerated Ni-GDC 
layer, the large grain of Ni is formed in between GDC nano-column by Ni diffusion 


















        In previous chapters, structural and compositional characteristics of Ni-
GDC deposited by co-sputtering have been investigated in terms of electrochemical 
properties. Consequently, the record-high performance of nanostructured Ni-GDC 
anode based TF-SOFCs on AAO substrate was achieved due to the improved in-
plane conductivity, TPBs density, and the enhanced thermal stability of the 
nanostructure. The direct utilization of the methane gas fuel could facilitate the 
commercialization of TF-SOFCs because of the reduced system size and the 
enhanced overall efficiency of the system[90–92]. Moreover, the existing 
infrastructure of supplying the natural composed of 90% methane can be beneficial 
for the practical use of TF-SOFCs as a portable energy source. Therefore, the 
development of direct methane TF-SOFCs is considered as one of the most imminent 
issues.  
 
      Ni-based anode is the most basic and common structure for reforming and 
electrochemically oxidizing methane fuel. As mentioned in chapter 1, the direct use 
of methane to the Ni-GDC anode has several issues. From the thermodynamic 
ternary diagram for C, H, and O, carbon deposition on the Ni catalyst likely happens 
at 500℃. On the long term operation with direct methane fuel, the SOFCs are failed 
due to severe carbon deposition deactivating the reaction sites on the anode. 
Furthermore, in operational perspective, the low steam to carbon ratio (S/C) is 
beneficial for the system efficiency due to the low dilution of the fuel[93]. However, 
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at low S/C ratio, the probability of carbon solid phase formation on metal catalysts 
is high in terms of thermodynamic point of view. Although the experimental study 
on direct internal steam reforming for Ni-GDC anode has been frequently 
demonstrated, the study on the direct use of methane to nanostructured Ni-GDC 
deposited by co-sputtering has been rarely reported. N. Laosiripojana and K.O. 
Christensen et al. reported that the nano-sized grain structure of Ni and ceria has 
resistance properties for carbon coking phenomenon[94,95]. From this literature 
information, it can be assumed that the co-sputtered Ni-GDC anode could show high 
catalytic performance for direct internal steam reforming due to the high surface area 
of the nanostructure even at low-temperature. Therefore, in this chapter, the 
electrochemical performance of the direct use of SOFCs with the co-sputtered Ni-
GDC anode deposited on the scandia stabilized zirconia (ScSZ) pellet substrate was 





     The ScSZ electrolyte pellet with 150um thickness was used to support the 
nanostructured Ni-GDC anode for eliminating the possible leakage current through 
the electrolyte due to the low quality of the electrolyte. Ni-GDC anode deposited by 
co-sputtering was varied with deposition power. Resultantly, GDC composition of 
the anodes was controlled for 3.9, 12.8, 31.4, 48.2 volume percentage. The cathode 
deposition condition was set to be same as the previous experiments in chapter 4.  
 
    For the electrochemical measurement of the direct use of methane, methane was 
supplied to the cell through the bubbler filled with distilled water at room 
temperature. The methane gas supply was controlled for 50 sccm by mass flow meter 
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(MFC). For switching the methane fuel to hydrogen gas during the operation, two 
gas lines were set and controlled by manual valves. The cathode side was exposed 
to the ambient atmosphere.  
 
    The chemical composition before and after operation with a low S/C ratio of 
methane fuel was analyzed by x-ray photoelectron spectroscopy (XPS). The catalytic 
performance of nanostructured Ni-GDC anode for the reforming was characterized 
by measuring OCV of the cell with nearly dry methane.  
 
 
5.3 Results and Discussion 
 
      One of the fundamental indicators of the electrochemical performance with 
direct methane fuel is the OCV of the cell. Especially, at low-temperature, the 
reforming kinetic is energetically not favored. Therefore, if the anode is not 
optimized at composition and structure, the OCV could not be formed with the direct 
methane fuel. Figure 5.1 shows the OCV of the anode with GDC 3.9 vol% was under 
0.2 voltage, which means that the methane was not properly reformed or 
electrochemically oxidized. As the GDC composition increase in Ni-GDC anode, the 
OCV of the cell was starting to increase. Over 48.2 vol% of GDC composite in Ni-
GDC anode, OCV was close to the theoretical value. This was also confirmed from 
the J-V-P curves of the cells. The peak power density of the Ni-GDC anode cell with 
48.2 vol% showed higher performance compared to the cell with low loading of 
GDC composite. The major reason for the performance difference was attributed to 
OCV of the cells. On the other hand, it is noteworthy that current behavior was 





     
 
 
Figure 5.1 (a) Open circuit voltage (OCV) of the Ni-GDC anode on the ScSZ pellet 
operated with nearly dry methane (3 vol% H2O). (b) JVP behavior of the Ni-GDC 





  As the GDC contents of Ni-GDC anode increase, the TPB density of Ni-GDC 
anode is increased. This TPB could be acted as reforming sites due to the material 
characteristic of ceria for reforming. To further investigate the assumption about TPB 
density effect on reforming kinetic, two different anode structure with different grain 
size was tested with nearly dry methane at 500℃. The grain size of nanostructured 
Ni-GDC was less than 50 nm, while that of Ni-GDC fabricated by screen printing 
was more than 1um, which was more than 20 times larger. The OCV was measured 
for methane and hydrogen fuel. The results showed that OCV of the nanostructured 
Ni-GDC anode was over 0.8V with the methane fuel. However, the OCV of the 
anode fabricated by screen printing method indicated only about 0.2 V for the 




Figure 5.2 Grain size effect of Ni-GDC anode on open-circuit voltage (OCV) of 








Figure 5.3 (a) Time-dependent characteristic of TF-SOFCs with Ni-GDC anode 
deposited by co-sputtering at 0.6V. (b) XPS analysis for co-sputtered Ni-GDC anode 





     Even though the nanostructured Ni-GDC with 48.2 vol% of GDC showed 
OCV and the performance, the lifetime of the cell was less than 30 minutes. The 
cause of this short life term was carbon deposition on the Ni metal catalyst of the 
anode. XPS results showed that Ni-C carbide and C-C binding were detected. 
Although the carbon was also detected for the bare Ni-GDC anode, the intensity 
related to the amount of carbon was much higher after methane operation. These 
results clearly indicated that the co-sputtered Ni-GDC anode was vulnerable to 
carbon deposition at a low S/C ratio and low-temperature[96]. For extending the 
operation time of nanostructured Ni-GDC anode, the additional reforming structure 




       The compositional analysis for direct methane fueled TF-SOFCs with Ni-
GDC anode is investigated in this chapter. Due to the nano-sized grain of Ni in co-
sputtered Ni-GDC anode on ScSZ pellet, the reforming kinetic is greatly enhanced. 
This was comparatively shown with OCV data of the Ni-GDC fabricated by screen 
printing method. Even with the same composition of Ni-GDC, the Ni-GDC anode 
with large grain size (over 1um) showed no discernable OCV at 500℃ for a nearly 
dry methane fuel. In addition, the GDC volume fraction of co-sputtering Ni-GDC 
anode should be close to 50 % for producing reasonable OCV. However, the GDC 
contents of the highest performing Ni-GDC anode for TF-SOFCs was only 3.9 vol%. 
Therefore, to be operated with low S/C methane fuel, the additional reforming 
structure is required in TF-SOFCs architecture. The nanostructured reforming layer 
on TF-SOFCs could be fabricated by co-sputtering. The fabrication process for the 




Chapter 6. Direct Methane Fueled Thin-film 






Figure 6.1 (a) Ternary diagram for C-H-O. The fuel composition for TF-SOFCs 
operation is 97% CH4 and 3% H2O. (b) Activation energy and free energy change of 
hydrogen coupling on Ni and Ru supported by ceria [77]. 
 
 
       A low S/C ratio on methane fuel is vulnerable to carbon deposition on metal 
catalysts in thermodynamic point of view. However, if the metal nano-catalyst is 
supported with ceria-based materials, carbon species adsorbed on metal can be 
detached by reacting with lattice oxygen in the support. In addition, the rate of 
producing hydrogen, hydrogen coupling, depends on the activation energy and free 
energy change of hydrogen species. According to the report from Yu Chen et al., the 
hydrogen coupling reaction is thermodynamically and kinetically favored in Ru 
compared to Ni[77]. In material perspective, the mixture of Ru and ceria support is 





     Inspired by the recent work related to the thermal catalytic reforming 
performance of nano-catalyst on ceria support, it is assumed that the nanostructured 
Ru-GDC reforming layer deposited by co-sputtering could show high performance 
for methane reforming at low-temperature due to the nano-sized grain enabling the 
formation of high TPB density[97,98]. Uniformly mixed Ru-GDC reforming layer 
was fabricated on the bottom of AAO so that the reformed methane fuel could flow 
into the reaction sites of Ni-GDC anode. The fabrication of reforming layer on the 
bottom of the substrate is aligned with the state of the art design of the SOFCs 
structure for the direct methane operation. Even though AAO is electrically non-
conductive, Ru-GDC is a thermal catalyst and electrically connected by Ag paste 





Figure 6.2 (a) Schematic of integrated TF-SOFC with nanostructured Ru-GDC layer. 
(b) Side view of nanostructured Ni-GDC/GDC/YSZ/Pt-GDC fabricated by 
magnetron sputtering. (c) 400 nm thickness of Ru-GDC reforming layer deposited 







        AAO supported TF-SOFCs was fabricated by sputtering. The 
nanostructure for electrochemical oxidation consisted of Ni-GDC/GDC/YSZ/Pt-
GDC. GDC anode interlayer was deposited by ceramic target with O2 reactive 
sputtering. For the reactive sputtering, the 80% Ar and 20% O2 gas were supplied to 
the chamber to sustain 0.67 Pa. The thickness of GDC interlayer was controlled for 
50nm. This role of GDC anode interlayer was inhibiting carbon deposition on Ni by 
increasing the composition of the GDC at the anode-electrolyte interface. Dense YSZ 
electrolyte was deposited at 800nm thickness. This thickness of the electrolyte is 
thicker than the previous research on AAO supported TF-SOFCs to ensure the gas 
leak from the anode side, which could cause OCV drop. The Ru-GDC reforming 
layer was deposited on the backside of the AAO. The composition of the Ru-GDC 
layer was controlled by sequential deposition method. Consequently, the Ru volume 
percent of Ru-GDC layer was varied by 1.3, 2.0, and 3.3 vol%. The samples with 
Ru-GDC reforming layer are denoted as RuGDC0.01 for 1.3 vol%, RuGDC0.02 for 
2.0 vol%, and RuGDC0.03 for 3.3 vol%, hereafter.  
 
       The porosity of Ru-GDC nanostructure was calculated from the surface 
FESEM images by the image-j program. For the surface chemical analysis, XPS and 
Raman spectroscopy was used.  Furthermore, to investigate the carbon deposition 
phenomenon for Ni-GDC anode with and without reforming layer, the fixed bed flow 







6.3 Results and Discussion 
 
        The deposition of Ru-GDC on the AAO substrate was investigated by 
structural analysis. The side micrograph of Ru sputtering layer on AAO substrate 
was analyzed by FESEM. Reactive sputtering of Ru metal also showed the nano-
column structure, which means that the fabrication of the co-sputtered Ru-GDC 
reforming layer could form high density of TPB. The crystallinity of Ru-GDC anode 
 
 
Figure 6.3 (Upper micrograph) Side view of Ru deposited by sputtering on the AAO 






was investigated by XRD analysis. Due to the low contents of Ru, the crystalline 
peaks were barely detected. However, the peaks were clearly confirmed from the 
XRD. Since the intensity of the spectrum for the specific crystal structure is 
proportional to the amount of the structure included in the sample, the results indicate 
that the contents of the GDC is much more dominant than Ru. The compositional 
analysis was measured by XPS for the nanostructured Ru-GDC. The XPS spectrum 






Figure 6.4 XPS analysis for the nanostructured Ru-GDC deposited on AAO substrate. 
(a) Scan of photoemission properties of Ru-GDC at 100-1000 eV range. (b) The Ru 
3d (c) Ce 3d (d) Gd 4d (e) O 1s properties. 
 
 
properties of Ru 3d, Gd 4d, Ce 3d, and O 1s presented in figure 6.4. The 
photoemission properties of Ru, Gd, Ce, and O are observed at 276-291eV, 135-166 
eV, 870-915 eV, and 526-534 eV. In addition, the peaks measured from XPS analysis 
at 276-291 eV were deconvoluted into Ru 3d3, 5 and C 1s and Ce 4s. The carbon 
detected from the XPS results was possibly attributed to the contamination from the 
ambient air during sample storage. This detection of the contamination is due to the 
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surface-sensitive characteristic of XPS analysis with only 10nm infiltration of X-ray.  
 
     To investigate the compositional effect of the Ru-GDC reforming layer on 
electrochemical performance, the Ru-GDC layer was fabricated with three different 
compositions: GDC vol% 1.3, 2.0, and 3.3. In table 6.1, the specific atomic 
concentration and the volume ratio of Ru was demonstrated. The thickness of the 
Ru-GDC layer was maintained at 400nm for all samples. Even though Ru contents 
only changed from 1 to 3 percent, the surface structure could be changed due to the 




Table 6.1 Specific atomic concentration of the nanostructured Ru-GDC reforming 








Figure 6.5 Surface and cross-sectional nanostructure of FESEM micrographs for Ru-
GDC reforming layer varied with Ru volume fraction.  
 
 
The surface nanostructure of the co-sputtered layer is sensitive to the growth 
characteristic of the materials. The high sputtering yield of Ru compared to GDC 
deposited by ceramic target could be the reason for the difference in the 
nanostructure even with the small change of the chemical composition. The detailed 
mechanism of the co-sputtering of Ru-GDC has not been studied. It will be further 
investigated in future work.  
     The surface porosity of the Ru-GDC layer was calculated from the FESEM 
images from figure 6.6. In this figure, the porosity of the RuGDC 0.01 was less than 
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10 %. As the Ru volume fraction was increased to 3.3%, the porosity of the 
RuGDC0.03 was also increased over 25%, which is more than twice compared to 
RuGDC0.01 sample. This structure change affected the OCV tendency of TF-SOFCs 
with reforming layer. The OCV was measured with nearly dry methane supply at 
500℃ for the TF-SOFCs with different compositions of Ru-GDC reforming layer. 
The composition of Ni-GDC anode was determined as 3.9 vol%, which showed the 
highest performance compared to other compositions. Due to the low loading of 
GDC composite, the OCV of the bare TF-SOFCs was close to 0V. This result was 
consistent with the previous experimental result of chapter 5. As the Ru composition 
increase for the reforming layer, the OCV was starting to increase and reached to 
1.02 V. Although some of the cells with RuGDC0.01 and 0.02 showed higher OCV 
over 0.8V, the fluctuation was too significant for the stable operation possibly due to 
unsteady reforming performance. One notable thing in the OCV data was RuGDC 
1.6 sample. The high loading of Ru sample showed a little bit lower OCV of TF-
SOFCs compared to the cell with RuGDC0.03. This result might indicate that the 
reforming kinetics are not totally depending on Ru contents. Only when Ru and GDC 
form a high density of TPB, the Ru-GDC layer could facilitate the high performance 
of methane reforming. This assumption is supported by the proposed mechanism of 
steam reforming at the Ru catalyst supported with oxide material[99]. There are 
several factors for determining the reforming performance. Among those, catalyst 
activity and resistance characteristics for carbon deposition are the major factors. 
The role of the catalyst is reducing the activation energy for chemical adsorption of 
the methane gas species on the metal surface. However, even with the high catalytic 
performance of the catalyst material, available surface for chemical adsorption could 
be blocked by the carbon species deposited on the surface. The oxide support is 
crucial for eliminating the carbon species on the catalyst. According to the proposed 






Figure 6.6 The surface porosity of the nanostructured Ru-GDC reforming layer on 
the AAO substrate. The OCV of TF-SOFC with bare and Ru-GDC reforming layer 
varied with Ru volume fraction. 
 
 
by producing carbon monoxide and hydrogen gas. This possibility was also 




     The OCV of TF-SOFC without the Ru-GDC reforming layer was close to zero. 
To confirm the results, the fuel was switched from hydrogen to methane while 
measuring the OCV of TF-SOFCs. This result was the same as the pellet based 
experiments. On the other hand, TF-SOFCs with RuGDC 0.03 samples showed high 
OCV. The Nernst equation for calculating the theoretical OCV for the temperature 
ranging from 200 to 700℃. The OCV of TF-SOFCs with RuGDC 0.03 sample was 
slightly lower than the oxidation of hydrogen and higher than direct oxidation of 
methane. The accuracy of OCV data of TF-SOFCs could be reduced by the 
experimental variable such as nanoscale pinhole in the electrolyte or leakage through 
the sealant, which affecting the OCV by following Nernst equation. Nevertheless, 
the OCV acquired from this experiment was stable for the extended time operation. 
Therefore, it is appropriate to assume the major fuel gas species for electrochemical 




Figure 6.7 OCV without the nanostructure RuGDC reforming layer (NRL) with 
methane fuel supply. Theoretical standard potential for three electrochemical 







component oxidized at the anode was hydrogen and partially methane. The specific 
gas component at the reaction sites of the anode side could not be realized from this 
analysis because of the complex reactions of methane and reformed gas oxidation. 
The reason why it is difficult to know the exact gas composition at the anode reaction 
sites is that the gas composition is continuously changed by chain reaction. Hydrogen 
oxidation produces the water vapor, and the water vapor could participate in water 
gas shift reaction and in reforming reaction because S/C ratio are locally changed at 
the reaction sites. As mentioned above, the reforming kinetic is enhanced at high 







Figure 6.8 (a) JVP behaviors of TF-SOFCs with RuGDC 0.01 and 0.02 NRL samples. 










Figure 6.9 The J-V-P curve and the EIS analysis for TF-SOFCs with RuGDC 0.03 








Figure 6.10 The points measurement of TF-SOFC with RuGDC 0.03 NRL for the 
extended time operation. Current density, polarization resistance, and ohmic 





      The JVP behaviors of RuGDC 0.01, 0.02 and 1.6 samples were measured at 
500℃. The current density was unstable at large over-potential region (lower than 
0.5V of the cell potential) for both RuGDC 0.01 and 0.02 samples. From the curve 
shapes, it can be speculated that the hydrogen fuel was insufficient at the anode 
reaction sites resembling with the concentration loss behavior. Although CO and CH4 
existed at the reaction sites, which were available for oxidation, the electrochemical 
oxidation of those gas species was too slow to produce high current density. Further 
optimizing on Ru composition was required. The performance of TF-SOFCs with 
high loading of Ru was also investigated. The concentration loss or unstable 
performance was not observed for the samples. However, the peak power density of 
the cell was under 80 mW/cm2. Even with the over 50 vol% of Ru contents, the 
performance was not dramatically improved. This result implies that Ru nanocatalyst 
itself was not the whole responsibility for the reforming kinetics. The nano-sized 
grain of Ru on GDC support could be the key factor for high performance for 
methane reforming. This assumption is consistent with the recent report about singly 
anchored metal atoms on the ceria support. 
 
        Based on the assumption, the performance of TF-SOFC with RuGDC0.03 
should be more enhanced. The electrochemical performance of the cell was 
characterized by JVP behavior and EIS analysis. In figure 6.9, the performance of 
TF-SOFCs with RuGDC0.03 NRL clearly showed the enhanced power density. The 
peak power density was reached to the 187 mW/cm2, which is the highest 
performance among AAO supported TF-SOFC operated under CH4 at 500℃. From 
the EIS analysis, polarization resistance of the cell was much higher compared to the 
cell with hydrogen fuel. This result was reasonable considering the sluggish reaction 
of methane or carbon monoxide electrochemical oxidation. Another possible reason 
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for the considerable polarization resistance was the cell temperature reduction due 
to the endothermic reaction of methane steam reforming. This could also be the 
reason for increasing the ohmic resistance of the cell.  
 
      The key point of a direct methane operation is time-dependent performance 
characteristics due to the possibility of carbon formation at the anode reaction sites 
causing the severe performance degradation and even failure of the cell[100]. 
Therefore, the investigation of the time-dependent operation is essential in this thesis. 
Figure 6.10 depicted the current density, polarization, and ohmic resistances changed 
with the operation time. It was observed that the current density was severely 
degraded in the early stage of the cell performance at the rate of minus 51.7 mA/cm2 
per hour. After 3 hours operation, the degradation rate was decreased over 70 %. We 
believe that TF-SOFCs requires the time for the thermal stabilization of the 
nanostructure. As shown in chapter 4, the Ni-GDC anode showed an agglomerated 
structure even with the optimized GDC contents. The agglomeration of the anode 
nanostructure could attribute to the degradation, not only to the polarization but also 
to the ohmic resistance. By the change of the anode structure, the contact resistance 
at the anode-electrolyte interface should be affected. After 3 hours, the ohmic 
resistance was stabilized, unlike the polarization resistance. The steady rise of the 
polarization resistance could be attributed more to the Pt-based cathode. For further 
investigation, the constant voltage was applied for the TF-SOFCs with RuGDC 0.03 
operated under nearly dry CH4. The duration of the operation lasted more than 12 
hours. Considering the operation time of Ni-GDC deposited on ScSZ pellet with CH4 
was shorter than an hour, this extended operation of AAO supported TF-SOFCs was 
greatly superior to the previous results. Besides, it has never been reported that the 
constant voltage measurement of AAO supported TF-SOFCs even with hydrogen 
fuel. This long operation was attainable due to the thermally enhanced 
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nanostructured Ni-GDC anode on nanoporous substrate. Nevertheless, the current 
density of the cell was degraded 4.6 % per hour at 0.8V. This degradation was 
attributed to the thermal agglomeration of the electrodes, but the cathode 
agglomeration should be more dominant for the long operation since the hydrogen 
oxidation is much faster than the oxygen reduction reaction. However, the possibility 
of the performance degradation by carbon formation on the reaction sites at the anode 
should be not be ignored since the carbon formation on Ni-GDC anode was 





Figure 6.11 The constant voltage measurement of AAO supported TF-SOFC with 







To verify the possible carbon coking on the anode nanostructure, the fixed bed flow 
reactor was used for the nanostructured anode with and without NRL. The Ni-GDC 
with and without NRL was attached to the SUS jig. The methane passed through the 
water bubbler was supplied to the AAO substrate. The methane gas was first 
contacted with Ru-GDC NRL and passed through the nano-channel in the AAO 
substrate. Sequentially, the gas passed through the nanoporous structure of the Ni-
GDC anode. The three kinds of samples were used in this test station: one was Ni-
GDC on AAO with the NRL, and the other two were Ni-GDC on AAO without the 
NRL. After over 12 hours of the exposure, the Ni-GDC anode surfaces of the three 





Figure 6.12 Fixed bed flow reactor with hydrogen and methane supply. 
 
From the surface analysis for Ni-GDC with and without the NRL exposed to the CH4 
for more than 12 hours, it is clear that the surface of the Ni-GDC anode with NRL 
showed no sign of carbon formation. Meanwhile, the carbon nanotube was clearly 
observed from the high-resolution FESEM surface image. Even with longer 
exposure time, the sample with NRL showed high resistance characteristics to the 
carbon coking. To obtain the qualitative information of the surface chemical 







Figure 6.13 (a) Surface nanostructure comparison analyzed by FESEM of Ni-GDC 
anode exposed to CH4 97% and H2O 3% with and without NRL. (b) Raman 










Raman spectroscopy results present that there is no signs of carbon for the Ni-GDC 
anode with NRL exposed to CH4. It is noteworthy that the spectrum of Ni-GDC with 
NRL exposed to CH4 was similar to that of Ni-GDC anode exposed to H2 for 12 
hours, which means both the no detectable carbon formed on the anode and the high 
reforming performance of the Ru-GDC NRL. On the other hand, in the region 
between 1500 and 1600 cm-1 (G band), in addition, 1320 and 1360 cm-1 (D band), 
the high intensity of the spectrum was detected. It is known that D and G band are 
indicating the existence of the amorphous carbon sp2 on the sample surface[101,102]. 
Furthermore, since the intensity of the Raman spectrum is directly proportional to 
the concentration of the chemical species, the amount of the amorphous carbon on 
the surface of the Ni-GDC anode was particularly larger than the sample with NRL. 
Therefore, it can be concluded that the severe carbon deposition on the 
nanostructured Ni-GDC anode can be prevented by applying Ru-GDC NRL 






      The fabrication process for the nanostructured Ru-GDC layer and the thermal 
catalytic performance for the methane steam reforming have been demonstrated for 
low-temperature. The composition and the porosity of the Ru-GDC are realized as 
critical factors for the performance. The 3.3 vol% of Ru contents showed the OCV 
over 1V. Furthermore, the peak power density of TF-SOFCs with 3.3 vol% of Ru 
presented 187 mW/cm2 at 500℃. The extended time operation of TF-SOFCs with 
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Ru-GDC reforming layer operated under nearly dry methane showed the degradation 
rate of 4.6 % per hour possible due to the degradation of Pt-based cathode. Even 
though the cell suffered from the degradation in the extended time, 12 hours of 
operation of TF-SOFCs with extremely low S/C methane fuel is the longest time 


























Chapter 7. Achievements and Future Work 
 
 
       The electrochemical performances of Ni-GDC cermet anode fabricated by 
co-sputtering were investigated for low operating temperatures. Due to the unique 
character of the electronic conduction path for the anode, the in-plane conductivity 
of the Ni-GDC is considered as a critical factor for achieving high performance. The 
nano-column structure of Ni-GDC anode on AAO substrate has a significant impact 
on the in-plane conductivity. The nanostructure with the wide width of the nano-
column has shown high in-plane conductivity resulting in the low ohmic and 
polarization resistances. By optimizing the Ni-GDC anode nanostructure, area-
specific resistance (ASR) for the charge species conduction is reduced down to 0.3 
Ω·cm2 at 500℃. Furthermore, the effect of GDC volume fraction in Ni-GDC anode 
on the electrochemical performance was examined. The results indicated that the 
excessive nano-sized GDC composite in Ni-GDC anode could diminish the peak 
power density by reducing the in-plane conductivity with the oxide phase of GDC. 
Consequently, the peak power density of the nanostructured Ni-GDC anode based 
TF-SOFCs with a low volume fraction of GDC (below 5%) has reached to 749 
mW/cm2. To the best of our knowledge, this result is the highest performance among 












Figure 7.1 Literature data of the peak power density of SOFCs in the range between 







     For a direct methane SOFCs with extremely low S/C ratio (about 0.03), the 
co-sputtering fabrication and electrochemical characterization of the nanostructured 
Ru-GDC reforming layer were investigated. The Ru volume fraction is optimized at 
3 %. The nano-sized Ru grains dispersed in nano-grains GDC support is the major 
contributor to the high catalytic performance for the methane steam reforming at 
low-temperature. AAO supported TF-SOFCs with the nanostructured Ru-GDC layer 
has shown the successful operation with the reasonable OCV and high performance 
for nearly dry methane fuel. Furthermore, the extended time operation of the TF-
SOFCs was demonstrated. Although the degradation rate of 4.6 % per hour was 
shown for the TF-SOFCs, the constant voltage measurement of TF-SOFC with 
methane fuel for 12 hours is demonstrated for the first time in this thesis.  
 
 
     In this thesis, co-sputtering Ni-GDC anode deposited at room temperature has 
been examined with the various deposition parameters, as well as with the thermal 
annealing process. However, the operation time and the degradation rate of TF-
SOFCs still needs to be much more enhanced because the state of the art SOFCs 
usually shows more than 100 hours without the degradation. The experimental 
results obtained from this thesis give insight for designing the high performance of 
TF-SOFCs with co-sputtering system. Due to the nano-sized grain of the sputtered 
layer, the thermal agglomeration of Ni nanoparticles is inevitable at the operating 
temperature. Therefore, other than Ni-GDC anode with high connectivity, the 
functional layer of Ni-GDC with high resistance to thermal agglomeration is required. 
For thermally stable structure, Ni concentration should be limited down to 5%. The 
TPB density could be high enough to produce high performance even with the low 
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concentration of Ni because GDC has mixed ionic conductivity at reducing the 
environment. Further investigation on the nanostructured anode is necessary for the 
commercialization of TF-SOFCs for low-temperature. Furthermore, the cathode 
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     고체 산화물 연료전지는 낮은 오염도, 높은 에너지 효율, 그리고 
다양한 연료 활용가능성 때문에 유망한 미래에 에너지 변환 장비로 
여겨지고 있다. 이러한 고체산화물 연료전지를 상용화 하기 위해서는 
구조적 그리고 연료활용도에 있어서 획기적인 발전이 필요하다. 예를 
들어, 구조적인 측면에서, 전해질 두께는 작동 온도를 600 ℃ 미만으로 
낮추기에 충분할 정도로 얇아야 한다. 이러한 작동 온도 영역에서 높은 
열화율, 고가의 재료 사용, 그리고 긴 초기 작동 시간 같은 고체산화물 
연료전지 기술적 문제를 해결할 수 있다. 또한, 연료의 관점에서, 저온 
고체산화물 연료전지에 탄화수소 연료 (메탄, 부탄, 프로판 등)를 직접 
사용할 수 있다면, 수소 저장 및 큰 시스템 크기의 문제를 제거 할 수 
있다. 그러나, 전해질을 제조하기위한 박막 증착 기술은 기판의 증착 
조건 및 표면 구조에 크게 의존한다. 스퍼터링 구조와 증착 변수 사이의 
상관 관계에 대한 상세한 연구는 전해질 및 전극을 제조하기위한 박막 
증착 기술을 상업적으로 적용하기 위해 필수적이다. 또한, 낮은 작동 
온도에서, 직접적인 전기 화학적 산화 및 탄화수소 연료의 개질은 매우 
느리다. 따라서 낮은 작동 온도에서 높은 활성도를 가진 열 촉매 설계는 
필수적이다. 
 
전해질의 두께를 감소시키는 것 외에, 스퍼터링에 의해 증착 된 
박막층의 나노 크기의 입자 구조로 인해, 스퍼터링은 고 활성 전극을 
설계하는데 이용 될 수 있다. 더욱이, 고성능 열 촉매의 구조는 높은 
밀도의 반응영역을 필요로 하기 때문에, 나노 크기의 그레인으로 구성된 
코스퍼터링 박막은 저온영역 에서의 직접 메탄 연료사용을 가능하게 할 
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가능성이 있다. 이 연구에서는 500 ℃에서 작동하는 직접 메탄 SOFC의 
개발을 위해 고성능 나노 구조의 Ni-GDC 양극 및 Ru-GDC 개질 층을 
제조하기 위해 공동 스퍼터링 기술이 적용되었다. 
 
양극 산화 알루미늄 (AAO)은 균일 한 나노스케일 크기의 
나노홀, 높은 열-기계적 안정성 및 확장 성으로 인해 박막 고체산화물 
연료전지를 스퍼터링을 이용해 제작하기 위한 기판으로 사용되어왔다. 
AAO의 전기 비전 도성 특성으로 인해, 전기 화학적 성능은 AAO상의 
양극 나노 구조에 의해 크게 영향을 받는다. 전형적인 SOFC구조에서는 
집전 저항이 전체 셀 저항에 크게 영향을 미치지 않는다. 그러나, 
AAO위에 제작된 박막 고체산화물 연료전지에서, 연료극에서 생성된 
전자는 기판에 평행한 방향으로만 전도가 가능하며, 이는 전자 집전에서 
상당한 손실을 초래한다. 따라서 AAO에서 고성능 Ni-GDC 연료극 
구조를 설계하려면 전기 화학적 성능에 대한 나노 구조 효과를 
이해해야한다. 증착 챔버 압력, 타겟 과 기판 거리 및 기판 회전 속도와 
같은 다양한 증착 파라미터가 양극 두께, 다공도 및 칼럼 구조에 미치는 
영향에 대해 연구되었다. 실험 결과는 연료극 나노 구조의 이러한 
물리적 특성이 박막 고체산화물 연료전지의 전기 화학적 성능을 
결정하는 데 중요한 요소라는 것을 보여 주었다. 
 
AAO위에 공동 스퍼터링에 의해 제조 된 열 촉매 개질 층은 
물질 조성과 다공도에 의해 성능이 결정된다. 공동 스퍼터링에 의해 
제조 된 Ru-GDC의 조성은 나노 구조의 다공도와 상관 관계가 있다는 
것이 주목 할만하다. Ru 및 GDC의 증착 속도의 큰 차이 (90 % 초과)는 
조성 변화에 따른 다공도 변화에 기인 할 수 있다. 그러나 이런 물질의 
증착률이 나노구조형성에 미치는 영향의 원리는 본 논문의 주제 범위에 
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속하지 않는다. Ru 3 vol%의 조성비를 가진 Ru-GDC 나노 구조를 활용해 
500℃에서 성공적인 개질 성능을 나타냈다. 구조 분석에 따르면 Ru-
GDC의 나노 크기 입자 구조가 Ru 함량이 매우 낮음에도 볼구하고 직접 
메탄 작업을 가능하게 한 것으로 나타났다. 
 
고성능 Ni-GDC 연료극과 Ru-GDC 나노 구조 개질 층 (NRL)의 
통합은 건조한 메탄 (3 % H2O)을 이용해 500 ℃의 저온에서도 상당한 
전력 밀도를 생성하는 박막 고체산화물연료전지를 개발했다. 또한, 
12시간이 넘는 작동 시간은 문헌에 보고된 AAO기반의 박막 고체산화물 
연료전지의 어떤 성능보다 높게 측정되었다. 비록 연료전지가 시간당 
4.9 % 열화율을 보였지만, 이는 백금 (Pt) 기반 공기극에 의한 열화에 
의한 것으로 보인다. 나노구조분석을 통해 Ni-GDC 연료극에서 탄소 
흡착은 확인되지 않았으며, 이는 탄소 흡착이 분해에 주된 기여가 
아님을 나타냈다. 
 
주요어: 저온 고체산화물 연료전지, 직접 메탄, 공동 스퍼터링, 니켈(Ni)-
가돌리늄 도핑 세리아(GDC) 연료극, 루테늄(Ru)-가돌리늄 도핑 
세리아(GDC) 
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